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ABSTRACT 
A review of theoretical, experimental and field work on debris flow surges was 
undertaken. A new hypothesis concerning the nature of debris flow surges was proposed 
and tested in the laboratory. The hypothesis is that a debris flow surge can be analytically 
explained by what was termed a "moving shearing granular dam (MSGD)" model. It 
proposes that any surge can, in principle, be analyzed macroscopically without knowing 
the internal details of individual grain motions using a physical description involving three 
essential forces on the surge head/body. These forces are; an upslope internal frictional 
force, a downslope gravity force and a downslope hydrostatic force. The quantitative 
testing was carried out in a 9m long by 1 50 mm wide flume with transparent walls flume. 
Quasi-steady state coal grain (diameters up to about 4mm) and wall paper paste surges 
were produced which propagated down the flume. During these runs an unsaturated 
region, termed the "wetting front, II was observed within the surge front. Field evidence 
for the wetting front was established from measurements made on debris flow deposits at 
Bullock Creek, North Canterbury. The results of the analyses of several runs were found 
to be consistent with the observed quasi-steady surge front translational motion. Several 
observations from the literature review of debris flow surge field behaviour are consistent 
with the central concept underlying the MSGD hypothesis while no observations were 
found which appear to conflict with the idea. 
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1.1 BACKGROUND 
CHAPTER ONE 
INTRODUCTION 
A debris flow surge has been described as a non-uniform flow containing mud and grains 
of various diameters up to boulder size ( Costa 1984 ; O'Brien and Julien 1984 ; 
Takahashi 1993). The surge has a remarkable degree of coherence and consistency in 
( 
three/dimensional form as it moves down a channel. The longitudinal surge form has been 
f, 
reported to be composed of essentially two and sometimes three flow sections : a steep 
front known as the "head" or "snout"; a section of uniform depth, known as the" body", 
which mayor may not be present; and following the body or head is a regular and 
gradual decrease in depth referred to as the "tail"(see Figure 1.1). 
1.2 THE DEBRIS FLOW SURGE PROBLEM 
Several hypotheses have been advanced and developed to describe the debris flow surge 
both qualitatively and quantitatively(eg Johnson 1984, Takahashi (1990). Despite these 
attempts however, the mechanics of a debris flow surge is poorly understood (Davies 
1988 ; Iverson and Denlinger 1987). For example, one important question is this. What 
gives the debris flow surge its ability to remain intact and travel large distances ? It is 
evident on reviewing the available literature on the subject that there is a lack of a widely 
accepted explanatory hypothesis which could provide a basic insight into the overall 
forces governing surge motion. There is thus a need for a fundamental investigation into 
the basic macro-mechanics of a debris flow surge. 
1.3 AIM OF THE INVESTIGATION 
The aim of this investigation is to review the past research into debris flows with the 
intention of proposing, developing and experimentally testing a new hypothesis to explain 
the field behaviour of debris flow surges. 
f~~;:::'~::-:;~-'::j 
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1.4 THE MOVING SHEARING GRANULAR DAM (MSGD) HYPOTHESIS. 
1 .4. 1 HYPOTHESIS STATEMENT. 
Very early on in this investigation a key hypothesis was formulated. The central hypothesis 
proposed in this thesis is that the phenomenon described in detail in Chapter 2, and 
called by the name, 11 debris flow 1l surge, can be explained using a moving shearing 
granular dam model description. 
1.4.2 IDEA BEHIND THE HYPOTHESIS. 
The MSGD hypothesis was first proposed by Coleman (1993) 1. The basic notion of this 
hypothesis is that the front flow (ie the 1Ihead1l and/or 1Ibody") of the debris flow surge 
acts to impede the potentially faster flow of the "tail" in a way that is analogous to a 
stationary dam containing a static reservoir. Hence the moving dam concept has the 
attractive feature of being able to account for the ability of field surges to conserve their 
essential form of a head, and tail. Figure 1. 1 illustrates the generalised idea. 
DAM (SURGE HEAD) 
\ 
\ 
\ 
\ 
\ 
\ 
RESERVOIR (TAIL) 
Figure 1.1 : A schematic outline of a field debris flow surge illustrating the MSGD 
hypothesis. 
1 The original abstract used the abbreviation MSED (moving shearing earth dam). However the MSGD 
designation is better description because of the emphasis on the coarse granular nature of the surge front. 
;:---:. --.":-:. 
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The concept of a debris flow surge as a moving shearing granular dam is novel for two 
reasons. Firstly, such a concept has never been proposed to account for the gross 
macroscopic features and behaviour of a debris flow surge. Secondly, the concept of a 
moving shearing granular dam is also new although the general concept of a solid moving 
dam is not. Pierson ( 19SJ) as far as the author is aware, was the first to mention boulders 
at the front of debris flow surges, acting as moving dams. 
Previous analyses and experiments have been confined to the field of stationary dams or 
the collapse of a dam at incipient motion. Dam break analyses applied to debris flows 
exist, for example, Hunt (1994), but these assume that after the dam break the dam 
material behaves as a liquid rather than exhibiting a solid~like behaviour implied by the 
moving dam conceptual model. 
1.5 RATIONALE FOR TESTING THE MSGD HYPOTHESIS. 
For a number of reasons, such as time of initiation, it was decided that it was not feasible 
to attempt to test the MSGD hypothesis directly in the field but that an indirect test was 
appropriate. The rationale is based on the following argument involving two subsidiary 
hypotheses. If (a) laboratory surges can be produced which model field surges and if (b) 
laboratory surges can be analyzed as MSGDs then it follows that field surges can be 
analyzed as MSGDs. 
The rationale needs one further comment. In lieu of a direct dynamic scaling procedure 
the only way to provide support for hypothesis (a) is by collection of similarities in form 
and behaviour between laboratory surges and the field phenomenon which suggests a 
common MSGD explanatory model. This requires a matching of a set of laboratory 
observations with a set of published field observations that are consistent with the idea of 
the MSGD. 
1.6 METHODOLOGY IN THE DEVELOPMENT OF A MSGD MODEL. 
Testing of the hypothesis (b) requires a more detailed understanding of the MSGD model 
in order for any laboratory surge to be analyzed since the notion of a moving shearing 
dam is new and there exists no established conceptual understanding of it. 
I.:";:::·~:·:·~;~;;:;~~: 
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The methodology to develop a MSGD model was to assume that laboratory surges are 
already moving shearing granular dams and then to find out what features of a laboratory 
surge make this possible. Relevant observations of these laboratory surges would then 
enable an improved MSGD model to be conceptualised as well as quantified. 
1.7 THESIS LAYOUT 
Chapter 2 reviews a wide range of observational evidence from selected sites around the 
world. These observations are then organised into a more systematic form for later use. 
Chapter 3 reviews hypotheses and analytical approaches to the debris flow surge published 
in the scientific literature. Chapter 4 reviews published debris flow flume experimentation. 
Chapter 5 describes the present experimental work to test the MSGD hypothesis. 
Chapter 6 summarises the findings of this investigation and presents some future directions 
to extend the present work. 
~:_;~:;::~';~;:;-:;7X~1 
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CHAPTER TWO: 
LITERATURE REVIEW OF FIELD OBSERVATIONS 
2.1 INTRODUCTION 
The purpose of this review is to assemble a wide range of field observations in order to 
present a case for the MSGD hypothesis. Preparing a case for the hypothesis relies 
ultimately on the quality of field evidence. Unfortunately collecting a body of reliable and 
consistent qualitative and quantitative observations is made difficult by the typical 
inacessibility of the terrain in which they are produced, and the often stormy weather 
conditions (Davies, 1988). Measurement offield surges even at observation stations where 
there is a high probability of a debris flow event usually involves only easily obtainable 
measurements such as surface velocity ; material composition and surface shapes 
(Davies, 1988). 
2.2 PUBLISHED REVIEWS AND SUMMARIES. 
Innes (1984) reviewed what he considered to be thewthen current state of knowledge of 
debris flows. He pointed out that the occurrence of debris flow events is widespread with 
records existing for most alpine regions and for many semi-arid regions. In his opinion 
flows on slopes lower that 20 degrees were exceptional. However debris flows are in fact 
commonplace at slopes lower than 20 degrees are(eg Pierson 1980; Takahashi 1991). 
Innes (1984) cited some interesting observations ofthe fabric of debris flow deposits. For 
example it has been found in some studies that boulders and pebbles were strongly aligned 
in the direction of flow. He reported that some debris flows at Skye (Scotland) and 
Cromer in Norfolk had their the maximum velocity in the centre of the surge with very 
little movement at the sides. 
Middleton and Hampton (1976) in their discussion on subaqueous gravity flows gave 
some generalisations of the debris flow phenomenon. For instance, they stated that debris 
flows were episodic events, occurring more in spring, moving as a surge or wave, rafting 
boulders, and moving on slopes as low as 1 or 2 degrees. It should be keep in mind that 
these authors appear to have been influenced by the Coulomb- viscous model of Johnson 
(1965), in making these generalisations. They considered that true debris flow is a flow 
where the grains are supported by the fluid strength rather than by grain to grain contacts 
as in granular flows. Nevertheless their work constitutes a valuable perspective. They 
stated that a debris flow is, 
:::~ :~::~ ~~=:;: :::~~:,:-~: 
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~ sluggish! downslope movement of granular solids ( eg sand grains, boulders), clay 
minerals and water in response to the pull of gravity. 
Rodine (1 974) attempted to summarise general initiating conditions for debris flows 
He observed that all the debris flow initiations he studied have a unifying feature. They 
were all mobilised by "mass movement of in situ material" in the form of a landslide. The 
exceptions were experimentally produced flows which were generated by the impact of 
water on to debris material. He reasoned, 
two ways of forming a debris flow come to mind: start with dry debris and add water or, 
start with water and add dry debris. 
Five methods of water delivery were proposed to generate debris flows. These were, 
intense rainfall, melting snow, rising ground water from springs, supply of sufficient 
interstitial water, and catastrophic release of water from a reservoir. A variety of field 
reports from the United States, Norway, Tanzania, the Andes of Central Peru, the 
European Alps and the Himalayas were cited for the five cases. 
Hungr et al (1984), in a two year study on debris flows in British Columbia stated that 
there existed a general consensus in the literature that laminar flow exists at peak 
discharge. The debris flows they studied moved on slopes ranging from 10 to 18 degrees. 
A typical surge had a steep bouldery front followed by a more liquid flow consisting of 
boulders and logs floating in a slurry of coarse sand and finer material. Maximum discharge 
was said to occur just after the front has passed. An event at Charles Creek was recorded 
as having a discharge of 290 m3 for 5s and a maximum height of 
4.5 m. 
The description of these debris flow surges was said to be in keeping with other authors' 
reports, such as Morton and Campbell (1974), Pierson (1980) and Takahashi (1981). 
These authors observed steep bouldery fronts followed by a swell of finer debris which 
becomes more diluted and turbulent. When a surge reaches a flatter slope or less confining 
channel the surge can decelerate and deposition takes place. Liquid slurry can move 
through these deposits and down on to the lower fan. The largest reported volume of a 
1 Sluggish here might mean "in slugs" rather than a slow motion since one typical feature of a debris 
flow surge is that they can move quickly. In fact debris flow surges exhibit a wide range of speeds. 
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Canadian debris flow was 1 75 000 m3• 
Flow velocity estimates were derived from eyewitness reports and superelevation data. 
These showed a strong dependence of velocity with depth which was said to be typical 
for laminar flow conditions. A ground slope angle of 16 degrees was defined as the 
critical angle of deposition for boulder fronted surges. Deposition of grains at the front was 
said to take place below this angle. Interestingly in confined channels, 
... liquid material flowing behind can build up a sufficient depth gradient to continue 
pushing the front forward. 
The slope angle for surges to come to rest was 10 to 12 degrees. This angle was consistent 
with an empirical study by Ikeya (1981). When a surge encounters a short wide channel 
section the surge drops in height , frontal boulders are pushed to the sides and total 
deposition begins. A question was raised by the authors about which factor was most 
decisive in deposition, channel widening or a drop in slope. This was not resolved. 
Davies (1988) in a report on a laboratory investigation, gave extreme values for debris 
flow field measurements. Debris flow surges can be up to 5m high, travel at speeds of 1 3 
mis, and have bulk densities of 2500 kg mo3• Surge discharges up to 2000 m3 Is have been 
reported from a 47 km2 catchment. The flows are highly non-uniform and maximum flow 
depths flow depths are much higher than for water floods. Initiation of debris flows can 
occur from intense rainstorms or from dam breaks of glacial lakes, and snowmelting. Many 
flows travel in channels where loose granular material is available. The author stated that 
almost invariably the pulsing flows transport the boulders. Boulder transport and pulsing 
was said to be the most significant characteristic of debris flows. Granular dam mobilisation 
was said to result in debris flows especially the smaller surges (eg Johnson (1970) ; 
Broscoe and Thompson 1969; Sharp and Nobles 1953). This process was an explanation 
of pulsing in small debris flows. However in large debris flows another explanation was 
required. The author advanced a mechanism where surges are formed from the instability 
of slurry in an open channel to explain pulsation in some large debris flows. 
2.3 SUB-AERIAL DEBRIS FLOWS FROM SELECTED SITES. 
A selection of observations from sub-aerial debris flow sites from around the world is 
made. These come from China, France, Japan, New Zealand, Switzerland, and the USA. 
'-.-'.','-_.-,"_ ..... 
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These sites were selected because they offered a wide and interesting range of form and 
behaviour, some of which may not be reported in broad reviews. Very few field sites 
possess observation and instrumentation facilities which can produce high quality data. 
2.3.1 CHINESE DEBRIS FLOWS 
Although debris flows are common in many parts of China, such as the loess region of 
Northern China, most studies appear to be in the north of Yunnan Province. Large debris 
flows in China originate in northeast Yunnan Province boasting some 150 mudflow gullies 
in an area of 2000 km3 (Li and Luo, 1981). Some notable debris flow field sites include 
the Dachao river area and the Jiang Jia gulley which are tributaries of the Xiaojiang River 
( a major fault line) which is itself a tributary of the Yangzi River. Both these tributaries 
have very similiar debris flows but the Jiang Jia flows are generally more viscous because 
of the higher clay content and bar shaped particles. The mud flows in this region have 
been directly attributed to deforestation, dating back 300 to 400 years. 
(a) Li and Luo (1981)i~ Hunshui Gulley, Dachao river. 
Li and Luo (1981) reported on the characteristics of mudflows in the Dachao river valley. 
Mudflows occur here on average 10 to 20 times a year. The Hunshui tributary of the 
Dachao river has viscous mud flows with discharges from 900 to 1000 m3 Is. In contrast, 
the Quinshui Gulley tributary has only normal water floods even though precipitation is 
similar. Some features of the Hunshui gulley surges are: 
1. One surge follows another a number of times.ie. a burst of surges. 
2. Maximum surge velocities are 10 to 15 m/s.-
3. Surges can be up to 3 to 5 m in height. 
4. One surge transported 500 000 m3 of debris rock and mud with boulders 5m in 
diameter. 
5. Maximum bulk density is 2370 kg m-3 and the interstitial slurry was 2000 kg m-3 to 
2300 kg m-3• 
6. Surges contained 80 to 85 % by weight of solid material. The source material consists 
of shales, slates, basalt and limestone stones and boulders formed as a result of tectonic 
2 Note that these Chinese authors use the term mudflow to mean debris flow and debris-flow to 
mean floods carrying debris. 
I: .... : .•. ,·· 
action on the bed rock. Landslips and rock avalanches feed source material into the 
middle and upper parts of the basin. 
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7. The bulk material had an obvious yield strength which had to be overcome before any 
movement could take place. 
8. No free water has been seen leaking from the surge when it has come to rest due to 
some obstacle 
9. Flow resembles wet concrete. 
10. The mud flows in a "burst" (group of surges) occur in succession. There is then a 
cessation of activity followed by another burst. The longest time interval between surges 
of a burst might be 1 0 minutes. 
11. Surge lengths were 10 to 20 m for a small surge while 50 to 60 metres for a large 
surge. 
12. Surges apparently possessed turbulent snouts while all other parts of the flow appear 
to have a laminar appearance. 
1 3. Usually the big stones and boulders are concentrated at the head of the surge. 
14. The cross channel top surface forming the head is strongly convex while the profile 
in the body and tail gradually changes to a concave form (higher at the side of the 
channel) 
15. The velocity reaches its maximum in the centre of the flow. 
(b) Jiang Jia River Valley 
Jiang Jia valley debris flows appear to have much of the source material coming from two 
main tributaries, the Menquan and Duozhao gulleys which in turn also have smaller 
tributaries ( Li et al 1983). The observation site for many of the published observations 
is located on the bank of the Jiang Jia valley where the generally straight channel is about 
30 m wide and has a slope of around 0.06. 
Kang (1990) presented data on debris flows from 1965 to 1976. Data is in the form of 
a table which reports the time of event, density, sediment content, yield stress, viscosity, 
surge velocity, mud depth, slope, and grain size analysis for surges taking place over the 
1974 to 1975 period. The observed surge wave front longitudinal profiles included an 
oversteepened front, a vertical front, and a normal front corresponding to decreasing 
surge speeds. One distinctive characteristic of these type of flows is that surges appear in 
fairly rapid succession. Surges were said to arrive at the observation site more frequently 
at the beginning of the series of surges. The interval time between surges was tens of 
10 
seconds to several minutes. 
Li et al (1983) summarised the important results from debris flow observations at Jiang 
Jia over a 15 year interval. Some of these include what they term the "bursting" process 
in which over a time period a number of debris flows is observed. Small bursts can last 
10 to 30 minutes with 3-5 waves while a large burst can be several hours with a hundred 
or more waves. However it was stated that the time between surges is usually less than 
25 to 30 minutes. 
Other observations were the large 5 to 8 m boulders, and stones from 0.5 to 0.6 m 
which appeared to float on the surface. The surge length varied from 20 to 1 00 m. The 
curvature of the top surface of the surge in a cross channel direction fup surface varied 
from head to tail. There was convex surface of the head a flat mid section and a 
concave tail. It appeared that the transition from continous flow to these intermittent 
debris flows occurred when the flow density exceeded about 1600 kg m-3• The peak 
slurry density was measured as 2250 kg m-3• The cross channel leading edge profile was 
noticeably curved (tongue shaped in plan view) being faster at the centre than at the 
channel walls. 
Kang and Zhang (1981) presented photographs which showed the coarse texture of the 
debris flow deposits as well as a coarse grained leading edge of a moving debris flow 
surge3• They stated that boulders 4m to 5m were carried by the debris flows. 
Davies et al (1991 ) reported on the generation of surges in a 30 m wide channel incised 
5m into older 1970s deposits. The surge's initiation, to the observers, appeared to be the 
spontaneous appearance of a wave in the stationary material deposited by the passage of 
a previous surge. Small rocky fronted waves were subsequently observed. These rocky 
waves emerged as low, short and slowly moving, extending almost the whole channel 
width. The surge in Figure 2.3 was said to have increased in both speed and amplitude as 
it moved down channel. In 100 m it had grown to a height of O. 5m and moved at 2m/s. 
Note also in Figure 2.3 that the cross channel surge height increased gradually from the 
channel edge to a maximum in the centre of the channel. The surge at this stage was 
similar in appearance to more rocky debris flows occurring in Japan and elsewhere. 
3 The authors use the term "intermittent debris flow" which are to be distinguished from other flows 
which they also called debris flows. The latter are less viscous and do not possess the characteristic 
surge form. 
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In the same report surges were observed to pass over a nick-point in the channel centre. 
The receding flow appeared to cause severe bed erosion and nick-point recession. The 
depth and width of the scour was 1-2 m and 5 m respectively. Nick-points seemed to be 
associated with channel bends. This process was said to be the cause of the canyon type 
morphology characteristic of debris flow channels. Later meandering and braided stream 
flow may have widened these channels. 
Wan and Hua (1993) referred to viscous debris flow as highly unsteady and non-uniform 
possessing a snout, body and tail. The snout was said to have a vertical or at times an 
overhanging longitudinal profile. The snout or surge front resembled a turbulent bore and 
emitted a large noise. Smoke was sometimes seen to~emitted as stones collided4• Gravels 
and pebbles move parallel to the slope but sheared at the channel sides. After the snout 
the flow depth and velocity was stated to dramatic~lIy decrease. 5 
2.3.2 EUROPEAN DEBRIS FLOWS. 
(a) Upper Durance Valley, Central French Alps 
Steijn et al (1988) stated that small scale debris flows are quite a normal feature in the 
French Alps. There is a scarcity of field work in this area. This work, carried out in the 
Upper Durance Drainage Basin in the central French Alps, was a detailed morphological 
study carried out on nine debris flow surges. They believe that a standard type of debris 
flow which they characterised, exists in many other parts of the Alps. The typical 
topography producing this type of debris flow was steep terrain which gradually decreased 
in slope. For example, the debris flow called nr. 1. in the report was said to begin on 
concave talus slopes of 40 degrees and terminating on slopes of about 1 8 degrees. 
The geological and geomorphological aspects described were : 
1. The source material was silt or sandy matrix with unsorted debris composed of mostly 
the gravel fraction below steep cliffs. 
2. The source area is in the form of a ravine, often with a narrow section or a boulder 
4 Large noises and smoke from grains colliding is inconsistent with the notion of a viscous 
liquid where the matrix transports the grains embedded within it. However although the observation of 
smoke is very unusual this does not rule out the possibility of significant frictional granular 
contacts in the snout. 
5 This conflicts with other field results where the tail appears to move at a faster rate than the 
snout. 
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dam. It is believed by the authors that the boulder dams act as an accumulation point for 
more debris and later fails to presumably become a surge. The ravine continues and cuts 
into the talus slope. Some distance down from this ravine, lateral levees become visible. 
3. The levee zone contains a meandering pattern which is generally found to coincide with 
lower slope angles. 
4. Velocities of the surges at bends were calculated from the difference in the height of 
the levee walls following Johnson and Rodine (1984). 
5. There is a general tendency for a decrease in the levee height in the downslope 
direction and a decrease in the inner and outer slopes of the levees 
6. A terminal area where the levees join to form a frontal lobe. 
Other observations: 
7. Generally the upper sections showed the most erosion while the lower slopes tended 
to show deposition. The inference was made that the velocities were greater on steeper 
slopes than on shallower slopes. 
8. In debris flow nr.1 there is a trend for decreasing mean stone size with increasing 
distance from the source. 
(b) Minstiger glacier. Swiss Alps. 
Zimmerman (1990) described the different geomorphological aspects of the series of 
debris flows that took place in the Swiss Alps during the summer of 1987. 
The geomorphological criteria confirming the existence of the debris flow were based on 
several features ( ego Johnson and Rodine 1984 i Costa 1984). 
1. U. shaped depth erosion profile with a width to depth-ratio of less than 5. 
1\ 
2. Cleared gullies and polished rock. 
3. Marginal levees along the flow path built up of coarse debris 
and boulders. 
4. Unsorted debris lobes and debris cones. 
In the Zimmerman report the so called "starting zones" were divided into two distinct 
classes after Takahashi (1981). These were the slope starting zones and the valley type 
starting zones. In the first starting zone surge initiation occurs with an oversaturation of 
loose debris material which then slides. Surface runoff was not observed and if it did it 
occurred only in shallow channels. The starting zone was located on a steep slope of 25 
to 38 degrees. Another starting zone of this type occurred at the intersection of a steep 
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rock face with a talus slope. Slope angles were the same as the above. Water channelled 
by the gullies on the rockface then seeps into the scree. 
The initiation method for the second starting zone was the liquefaction of a bed or the 
sudden mobilisation of a "clogged mass of water and debris ". Moraine filled couloirs with 
slope angles varying from 24 to 35 degrees, were eroded down to bed rock. In another 
instance sections of debris beds in a steep channel suddenly start to mobilise to form a 
debris flow surge which advanced from a slope of 33 degrees down to a slope of 13 
degrees. 
Other interesting observations: 
1. The largest initiating volumes took place in the first starting zone. 
2. Maximum cross sectional eroded areas were 450 m2 • 
3. Catchment areas were small, 90% less than 1 km2• 
4. The steeper the slope the less importance is attached to channelised surface flow. 
5. In general in a large catchment there is , under equal rainfall conditions, a higher 
runout distance for the debris surge. A channel from a large basin prevents the debris flow 
from spreading out and losing flow depth. 
6. Larger debris flows have larger runouts than smaller ones. 
(Incidentally the author mentioned that a similiar correlation was found for ice 
avalanches (Alean, 1984) and rockfall events, (Scheidegger, 1973), but the deviation 
was much larger for debris flows). 
7. Loss of material to form levees at a rate of 5 to 10m3 every metre. Loss of material 
to levees is more important for smaller surges. 
8. 80% to 90% of the sediment from debris flows was transported to form debris cones. 
9. The longitudinal profile of the cones was steeper than alluvial cones. 
10. The cone surface is very rugged with boulders spread over the whole surface. 
11. Hydrometeorlogical conditions required for the starting of debris flows can vary 
widely. Some of the factors included i rainfall intensity, accumulated rain during the 
storm, and previous rainfall. These factors need to be considered since it is not merely 
the rainfall intensity which will neccessarily trigger debris flows. For example, Larsson 
(1982) described a storm event with heavy debris flow activity in Spitzbergen with 
only 30 mm of rain within 12 hours. 
12. Peak rainfall often occurs at night which correlates with the higher frequency of 
flows around this time. Nearly all the debris flows that reached the valley below within 
the vicinity of human settlements were started around midnight. 
~::~:;';,;;:::;':-';:,i 
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13. In one case, which occurred at noon, a volume of water broke loose from the 
Minstiger glacier and formed a debris flow using the moraine from a rocky couloir. 
2.3.3 JAPANESE DEBRIS FLOWS. 
(a) Mt Yakedake , Kamikamihore Valley. 
Okuda et al (1980) reported on debris flows on the Kamikamihore valley on the eastern 
slopes of the volcano Mt Yakedake. He reported that field work has taken place only 
relatively recently- within the last twenty years. In 1973 the above author constructed an 
observational system composed of various sensors, seismographs, thermometers, and a 
radar speedometer to record the surge speed at various locations, rainfall detector, wire 
sensor or front sensor (this was used to trigger a signal to a time recorder at various 
locations), videocamera etc. The authors also employed painted rocks to see how far they 
travelled. 
Several observations were made, these included : 
1. Surge front was made up from large rocks some several metres in diameter. 
2. The surge front velocity showed some variation. It accelerated mostly in the upper 
reaches (slopes ranged from 7.7 to 26 degrees ) and speeds over 10 mis, decelerating 
but relatively high velocities in the upper reaches, middle reaches (about 6 degrees) nearly 
constant velocities and the decelerating or stopping regions (lower reaches and fan where 
velocities rarely exceed 5 m/s). What may be an important observation was described by 
the author as, 
constant velocity section almost coincides with a set of control structures such as 
dams and buried barriages. 
The author comments that further observations from other debris flow events would 
elucidate the reason for this observation. 
3. The front velocity appears to depend on the scale of the flow ie. surge height. 
4. From several observations the surge flow consists of, 
... the front head of a few metres long and several metres high comes running down 
containing many large rock blocks and broken trees, and next, the very turbulent water 
current containing many cobbles and pebbles follows the head, and last, shallow water 
current with pebbles, sand and mud in high concentration continues for a long time several 
hours. 
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5. Grain sampling at various locations showed that most of the debris flow material 
found at the fan or valley came from the valley floor. The source material is thought to 
come from the spring and summer freeze-thaw cycle of material from the valley walls and 
also from strong rainfalls. 
6. The suggestion was made that the debris flow erosion shapes the valley profile so it is 
a V" profile. 
7. Ground vibrations measured (several hundred gals) and it was suggested that this can 
liquefy debris deposits. 
8. Maximum impact force measured on a receiver plate was estimated to be several tons. 
Suwa et al (1985) also made some further observations at the Kamikamihore river site. 
Their report has some very interesting photographs showing the top surface of the debris 
flow. There is a very clear distinction between the head and the tail. The head appears 
to contain much larger boulders while the tail does contain some coarse grains but not 
nearly as large in diameter. In their Figure 2.2 the interstitial slurry surface appears to 
descend from the top of the flow at the head to tail transition towards the channel bed 
below. Corresponding to the photographs of the top of the debris flow surge are other 
field data such as mean flow depth, surface velocity, % content of gravel, flow rate, and 
size of gravel. 
The data of Suwa et al (1985, Fig 2.2) show a distinct longitudinal size segregation of 
grains while the middle graph shows a decreasing gravel content as the end of the tail is 
approached. The bottom graph shows that there is a regular decrease in the mean flow 
depth which corresponds to the tail, and the surface velocity of the tail is about 1 .7 times 
the surge front speed. 
Further Field observations. 
1. Boulder accumulation at the front was conjectured as originating from two internal 
processes' - segregation by inverse grading (eg. kinetic sieving) and by the picking up of 
boulders from the floor. 
Takahashi ( 1991) described waves in the Kamikamihore river valley, resembling roll waves 
, and speculated that these waves were generated from the removal of stored material at 
a steep to shallow slope transition. 
:"':".-.:-:'-.,-;' .. ' 
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(b) Sakuraiima Island 
Sakurajima Island is located in the south west of Japan where the active volcano Mt 
Sakurajima frequently produces smoke and ash. Daido (1985) reports on debris flow 
surges which are composed of newly formed ash and water. The source material is highly 
permeable. The ash depth is greatest at the crater and then decreases as the distance from 
the crater increases. Shallow ash deposits do not, according to the author, generate surges 
but with deeper ash depths even light rainfall is sufficient to trigger surges. Old ash tends 
to get compacted while new ash is uncompacted. The seepage velocities of rainwater in 
the old ash will correspondingly be reduced so that the old ash will tend to form a 
boundary so that the fresh ash will get saturated first with possible failure. 
Watenabe and Ikeya (1981), p 252 measured flow velocities of debris flows on Mt 
Sakurajima using pieces of wood. They stated that, 
... the wake has a higher velocity than the front .. 
(c) Unzen volcano. Mizunashigawa River and Merapi volcano. Gimbal. Bebeng River. 
Suwa (1993) stated that the frequency of debris flows is high after an eruption because 
of the deposition of low permeability ash. At Bebeng river, debris flows were thought to 
be initiated from natural dams. There was apparently a transformation from a typical 
debris flow to hyperconcentrated flow as a surge moved down to gentler slopes. 
(d) Hodaka and Kaikochi 
Takahashi (1978) stated that large stones can "jump" on the surface of flow. The author 
stated that this might provide circumstantial evidence for relative motion rather than plug 
flow. 
2.3.4 NEW ZEALAND DEBRIS FLOWS. 
(a) South Island- Bullock Creek. Mt Thomas. NW Canterbury 
Mt Fitzwilliam. Western Canterbury. 
The Liebig Range. Mount Cook. 
Pierson (1980) reported on three debris flow sites in the central South Island.These are 
Mt Thomas, Bullock Creek, 30 miles north of Christchurch, Mt Fitzwilliam (slopes 30-40 
degrees) in Western Canterbury, and the Liebig range near Mount Cook. The report 
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emphasised the importance of debris flows in producing the steep dissected gullies of many 
South Island mountain slopes. 
Summary of observations from the three sites. 
1. Densities twice the density of muddy flow ie 2000 kg m-3 to 2400 kg m-3 
2. Debris flows from these areas contained 60 to 90 per cent solid material. 
ego Bullock Creek 70 per cent gravel, 20 per cent sand, 6 per cent silt and 4 per 
cent clay. 
3. Surges travel long distances, eg at Bullock Creek they travelled over 3 km. 
4. Surge speeds can be several metres per second eg Bullock Creek surges up to 5 m/s. 
Larger surge speeds have been recorded (eg 12 mls Niyazov and Degovets 1975). 
5. Surge fronts are rocky and may be several metres deep although at Bullock Creek 
surge height was about 1 metre deep. The surge front is followed by a more slurry-like 
trailing flow. 
6. Surges can be channelised or they can form their own channels or levees. Levees are 
mounds of material deposited by the advancing surge. Note that all three sites show 
levees. At Mt Fitzwilliam there is evidence of overlapping levees. 
7. Levees have a distinctive "U" shape. These can become broader with age from infilling 
and levee wall widening. The following is an interesting observation, 
cobbles and boulders were forced laterally out of the flow by some sort of internal 
sorting process, accumulating as well sorted levees along the margins of the flow, 
constricting flow width ... As discharge continued to build, depth increased more 
than width and as a consequence velocity picked up even more up to 5m/s and flow 
became supercritical. Subdued turbulence reappeared as standing waves in the form 
of downstream pointing V's ... 
8. Debris flow gullies vary in depth for example, at Mt Fitzwilliam the largest gullies were 
20 m wide and 8 to 10m in depth. Enlargement of gullies here has been limited by the 
presence of bed rock in contrast to Bullock Creek. 
9. When the surge encounters flatter terrain it forms a characteristic fan or cone. These 
are very distinctive in the author's photographs of the Liebig range. 
10. At Bullock Creek and Mt Fitzwilliam there is evidence of local liquefaction of soil at 
initiation. The site of initiation is characterised by a spoon-shaped soil slip scar. 
(b) Falling Mountain- Arthurs Pass. 
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While ascending Amber Col (1688 m) in the Arthurs Pass Region in December 1992 
Oliver Mander, (Mander 1993) saw what he described as a wave of mud and snow 
descending from Falling Mountain (1850 m) at about the same height as the col. The 
wave travelled down a slope to a near vertical section whereupon it plummeted over. At 
the time there was snow melting in the area which may have triggered the wave. Since 
there was no obvious channel the wave may have carved its own channel. 
(cl Port Hills. Christchurch. 
Brown and Weeber (1992) stated that debris flows have occurred and will probably 
continue to occur in the loess colluvium of the Port Hills of Christchurch6• Creep 
movements, characterised by ripples and mounds parallel to the slope contours, could 
develop into debris flows during heavy and persistent rainfall. They presented a 
photograph by Trangmar and Culter (1983) which showed the characteristic path of a 
debris flow and its deposits that resulted in damage to houses at Taylor's Mistake. 
(b l North Island 
Some valuable lahar observations are recorded in Stillwell et al (1954) which is a board 
of inquiry report into the Tangiwai railway disaster. The lahar event involved in the disaster 
was probably initiated from an ash barrier collapse at the top of Mt Ruapiehu due to ice 
(-
movements rather than volcanic activity. This resulted in a large mass of water' which 
flowed down the Whangehu river and transformed into a lahar by incorporation of silt, 
sand, gravel and boulders. At the lower end of the gorge, the "flood" filled the channel 
to a depth of about 7 m and width 35 m. There is a suggestion that the main lahar 
divided and reunited. 
The flood of 24 December 1953 swept from Ruapehu on to the boulder fan and spread 
across all the watercourses. after which the various streams reunited at the base and moved 
on towards Tangiwai. 
The bouldery surge on arrival at the Tangiwai bridge was said to have reached a height 
of almost 7m with little evidence of bed erosion. The general understanding of a lahar at 
6 I have also encountered a single debris flow event several 100m below the summit road, opposite the 
TV translator tower. This very likely took place during the snow storm of 1992. It showed signs 
characteristic of debris flow including a basin shaped source area, a channel in the tussock slopes, levees of 
consolidated loess with cobbles around 10 cm in diameter. The deposition zone was upslope of a small water 
fall though some material was found at the bottom. 
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the time was that such a phenomenon can carry enormous boulders several miles across 
fairly flat terrain. The surge travelled a distance of 25 miles mostly in a single channel with 
the exception of a division into two channels at 9 miles and a fan region with several 
channels at 16 to 1 9 miles. Boulders larger than 1 m in diameter were observed at 
channel bends. At the channel bends there was comparatively little erosion given the size 
and density of the surge. The surge peak discharge and volume, was estimated to be 
respectively, 850 ml/s and 190000 ml ( cited in Weir 1982). The opinion from C. 
Turner, an engineer cited in the report stated, 
The extensive widening, the right angle bend above the bridge, and the restriction of the 
bridge opening would all tend to cause a large drop in velocity, which in tum would give 
a corresponding and almost instantaneous deposition of bed material that would raise the 
river bed. 
Appendix I in the report also furnishes some valuable field observations that apparently 
have not, to the knowledge of the author, been found in review papers. The unusual 
strings of conical hills seen near volcanoes are the result of lahar deposition7• Grange and 
Williamson (1933) reported on one mudflow on Mt Ruapehu that, 
rushed down the NW slopes extended a few miles beyond the National Park-Tokaanu 
Road and left numerous conical hills up to 6m in height and composed of coarse 
aggregate. 
2.3.5 UNITED STATES DEBRIS FLOWS. 
(a) Heath Canyon, San Gabriel Mountains, Los Angeles. 
Sharp and Nobles (1953) reported on the 1941 mudflows out of Heath Canyon in the 
San Gabriel Mountains 42 miles northeast of Los Angles near the edge of the Mohave 
desert. These debris flows were initiated by the thawing of winter snow in an exceptionally 
warm May. The flows lasted a week with the peak on 11 th to 12th of May. The flows 
came within the resort town of Wrightwood. The source debris material was Pelon a schist 
7 
Cotton (1944) writing on lahars (pages 239-253) stated, ..... The origin of extensive mound fields near the 
bases of the New Zealand volcanic mountains, Ruapehu and Egmont remained a mystery until the lahar 
explanation was invoked by Grange to account for them. Grange (1931) proposed this explanation based 
on similar mounds observed in Indonesia eg Bandai-san eruption of 1888. The conical hills were 
associated with the lahar and the thermal decomposition of large boulders of andesite. 
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which had undergone intense shattering and weathering. The following field observations 
were described. 
1. No flows at night because of the reduced amount of thaw. 
2. Surges production was greatest at midday. The time interval between surges varying 
from seconds to ten minutes. Before or after these periods the time between pulses was 
in terms of hours. 
3. Surges were observed to be started by the local choking of the channel with later 
collapse. This was recorded on film. 
4. Dammed up material was incorporated by the surges. 
5. There was little evidence of breaker-like rolling under the head though the top tended 
to override and shoot ahead of the base. The reason for this behaviour they suggested 
was due to the "greasing" of the channel by past flows. 
6. Boulders did not roll under but were tossed around by the more liquid debris and by 
mud leaking through the bouldery front. Page 551 of the report reads, 
..... and boulders therein rolled.twisted. and shifted about but for the most part 
did not appear to be rolled under. Instead they were pushed along by the finer more fluid 
debris impounded behind the boulder dam and swept along by the mud leaking through 
it. 
7. Surge heights ranged from several inches to about 1.5 m. 
8. As surge material became more viscous in later phases the surge velocity was decreased 
and the bouldery fronts became more massive,steeper and higher eg one surge was 
photographed in motion and was 4 to 5 m high. 
9. Surge front velocities ranged from under 1 mls to 5 mis, with an average of 3 m/s. 
10. Composition was like wet concrete with much of it silt, sand and pebbles less than 
about 2.6 cm in diameter. Large boulders were 2 m in diameter though 1 m boulders 
were common near Wrightwood. The diameter of boulders decreased in size as the 
distance from the source increased. 
11. Boulders were also transported in the "body" as well as the "snout" but did not move 
in suspension. 
12 The bulk density was about 2400 kg mo3, indicating a water content of 25 to 30 per 
cent. 
13 The viscosity of the interstitial liquid was said to vary greatly. 
14. Channel modification with scouring and channel widening was noted during the more 
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fluid phase of the activity. Nickpoint recession was also observed. 
1 5. The films revealed that pulsation of surges was the result of periodic channel choking 
with coarse grains which then collapsed under pressure of material accumulating 
upstream to produce a surge. 
Hampton (1972) also reported on debris flows near Wrightwood and Woodside in 1969 
during warm weather following a winter of heavy rain and snow. He made several 
comparisons of debris flow surges that took place at the two sites. He noted the following 
observations, 
1. Source rock was fractured and weathered quartz-mica schist. 
2. Surges were said to have "originated at the steep-walled, landslide-scarred head of 
Heath Canyon ... " 
3. The surges were all contained in a narrow canyon, a distance of 1.5 km. 
4. At the time of the debris flows, water seeped from the ground at the canyon head. 
5. The debris flow surges were larger at this site. 
6. Generally initiation followed the same pattern as at Woodside (see (b) below) 
7. Some flows were started by sudden the liquefaction of the slope. These were rare 
and their volume was less than a tenth of a cubic meter of material. 
8. The volume of some of the larger debris flows involved a few hundred cubic meters 
however the history of debris flows in Heath Canyon demonstrates that there could have 
been single events involving volumes as great as 1.2 million cubic meters of material 
coming from a landslip. 
9. Surge speeds of up to 1 m/s were recorded. 
Johnson and Rodine (1984) presented two photographs of a debris flow with a rocky 
surge front and a trailing slurry flow which moved down a channel at Wrightwood, 
California 
(b) Woodside. Santa Cruz Mountains. San Francisco. 
Hampton (1972) reported on debris flows at Woodside in Feb 1969 during a period of 
prolonged rain, in the Santa Cruz mountains 30 miles south of San Francisco 
The following observations were made. 
1. Source material of a few thousand cubic meters of material contained clay soil 
containing silt, sand, and a few pebbles and cobbles. 
2. Fifty flows were observed each involving less than a cubic metre of material. 
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3. Initiation of separate debris flows began as a movement of saturated blocks from a 
scarp face formed by the initial land slip. 
4. As the block moved down it deformed with the addition of incorporated water. Some 
surface water was involved. The block eventually transformed into a debris flow surge 
after 1 to 3 metres. 
5. Transformation from a landslide to a debris flow surge was most rapid near springs 
rather than at other locations with less ground water seepage. In some cases there might 
have been landslides but there was no mobilisation into a debris flow because of 
insufficient water .. 
6. Also the unusual observation, 
in a few cases debris flow did occur without incorporation of water,but it was only after 
an unusually great thickness of remoulded debris had accumulated at the base of the steep 
scarp. 
(c) Montana 
Slough Creek, Soda Butte, North Eastern Yellow 
Stone National Park, Wyoming, Montana. 
Meyer et al (1992) reported on fire-related debris flows in the high elevation conifer 
forests ofN.E. Yellowstone park in the summer of 1989. These debris flows were initiated 
in severely burnt steep basins by convective storm precipitation . The above authors 
examined the geomorphic evidence of these recent debris flows. These debris flow deposits 
contained large amounts of charcoal, ash, fine sediment and coarser sediment from channel 
incision. Presumably the ash and charcoal help to make a thicker slurry than otherwise 
would be the case. The authors assumed that the process of fire related debris flow 
generation with rapid burial of charcoal which took place in these recent flows acted as an 
analogue to explain charcoal rich older deposits. 
14C dating of 1 8 fire related debris flow events and 1 7 probable fire related debris flow 
events from these deposits led to the conclusion that fire related debris flows have been 
taking place for the past 3500 years with peaks at 350 Be and AD 1000-1200. The 
latter peak corresponds to the widely recognised Medieval Warm period ( AD 900 to 
1300). 
(d) Mt St Helens, Washington 
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Pierson (1985), reported field data on 10 channelised debris flows that took place 
between 1981 and 1983 at two sites on Mt St Helens. The report contains some useful 
observational data. In his abstract he stated, 
All flows observed moved as surges downchannel, having a steep, bouldery flow front that 
impeded the flow of the more fluid slurry behind the fronts. Frontal velocities were as 
much as 5.9 mls for flow depths up to 2.3 m on slopes 7 to 22 degrees. 
In this report the author described the debris flows in more detail, 
... and the steep, lobate flow front was composed predominantly of the coarsest particles 
available for transport. Such fronts were typically an open network pile or ridge of 
boulders being bulldozed~ along by the flow. 
and also, 
Consequently the coarsest particles accumulate at the front, and the boulder front tends 
to get bigger with distance downstream. However this tendency is countered 
somewhat by the front boulders being continually shouldered~ide by the slurry pushing 
from behind. This process contributes to the formation of lateral levees ... 
In one flow the boulders on the flow surface were moving at 1.8 times the velocity of the 
rocky front. 
Surface particles moved to the flow front and tumbled down the leading edge. Cobbles 
and boulders were over-ridden and reincorporated into the flow; the large boulders were 
simply pushed ahead 
It was stated in the same report that some debris flows exhibit rigid plugs while some do 
not. In one debris flow the rigid plug occupied 90 % of the total width. 
Pierson (1985) also reported, 
8 The use of the word" bulldozing" in the context of this debris flow surge would suggest a sliding 
action rather than shearing. However the existence of sliding and/or shearing cannot be ascertained from this 
eyewitness statement with any certainty. 
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Boulder fronts act as moving dams and provide resistance to flow owing to their high 
internal friction and sliding friction against the channel bed. They can effectively slow 
down a debris flow. particularly when a narrow channel reach is encountered. 
Pierson and Scott (1985) reported on the 1982 eruption of Mt St Helens. Snow and ice 
melted from the eruption to produce an estimated 4 million tonnes of water which then 
breached from a natural dam as two flood surges. These surges then eroded and collected 
volcanic debris to become lahars. The authors stated, 
It appears that much of the coarse leading edge of the first surge was poJinded up behind 
the remaining freeboard of the dam up to thicknesses of 3m while the more watery 'tail" 
of the flow passed through the southern spillway. 
Scott (1985) reported on two types of lahar; one originating as a flow 9transformation 
which had a clay content less than 3% and another lahar which had a high clay content. 
The former lahar was a result of a flood surge to lahar transformation. The flood surge 
was speculated as originating from either lake breaching (eg Spirit Lake), or by snow melt 
floods triggered by minor dome building eruptions. The latter surges were said to have 
a high pyroclastic content ( ego pumice). The second transformation referred to was a 
lahar to hyperconcentrated flow transformation which can be inferred from the change in 
texture of deposits 10 at some location downstream where there were large tributaries. 
The high clay content lahar deposits showed a progressive and more gradual transformation 
to hyperconcentrated flow. Transformations were said to take place in non-volcanic areas 
when granular material is rapidly eroded by flood surges. This results in the formation of 
a debris flow surge which, when combined with channelised stream flow, forms a 
hyperconcentrated flow which then debouches on to an alluvial fan. 
(e) Steele Creek. Yukon 
Broscoe and Thomson (1969), p 221-222 observed an alpine mudflow and wrote, 
9 Scott (1985) stated that the concept of flow transfonnations was first developed by Fisher in 1980, 
in reference to submarine sediment gravity flows. 
10 This transition is observed as an inverse grading where sandy stream deposits are overlaid with 
coarser debris flow deposits. 
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Erosion of the notch by local undercutting was observed to result in the periodic collapse 
of the morainal debris into the stream in such quantities that temporary dams were 
formed. As water and finer bed load backed up behind these dams, the material in them 
was quickly saturated but not overtopped. The saturated mass under the influence of the 
hydrostatic head moved down the channel and emerged from the notch as a viscous, rock 
charged mud. 
The pulsating nature of the mudflows was largely a result of the creation of temporary 
dams within the major notch. This type of flow has been observed in both alpine and semi-
arid type mudflows. 
The authors reported on an 80 ton boulder which was transported about 43 m on a slope 
angle of 6 degrees. The upper slope angle was 19.5 degrees. During its transport it was 
seen to be partly submerged. They performed simple calculations based in the idea that 
a hydrostatic head may have provided an extra downslope force. 
(f) Polallie Creek and East Fork Hood river-Mt Hood. 
In 1980 after intense rainfall, a landslide approximately 5000 m3, was dislodged in the 
upper Polallie Creek headwaters on Mt Hood ( Gallino and Pierson 1984 ). This 
transformed into a debris flow which travelled at speeds 11 of about 12 to 16 m/s eroding 
channel fill and vegetation. The surge carried boulders in excess of 1 m and there were 
some mud and sandy gravel deposits on banks and terraces. The flow eventually deposited 
100 000 m3 (ie twenty times the original landslide volume) of unsorted debris to form 
a temporary dam which then breached and formed a debris flow surge which then 
transformed into hyperconcentrated flow. The authors suggested that the volume increase 
of the surge as it moved down the channel should be exponential, assuming a uniform 
supply of channel sediment. 
The authors also proposed a mechanism of temporary damming as the surge made its way 
down the channel. This they said may explain the high discharge observed lower down. 
The authors suggest that multiple surges could result from erratic breaches in natural dams 
11 Gallino and Pierson (1984), p 15 discussed two methods for speed calculation called the 
superelevation method and the Manning uniform flow equation. Both methods are considered 
controversial in reliably estimating debris flow speeds. 
~~~~:~~~~!~J~ 
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such as the Elk Rock Dam and at the location they reported on, namely the East Fork 
Hood River. 
(g) Umiat, Alaska 
Anderson et al (1969) described unusual flows composed solely of a type of bentonite 
clay. Characteristic U-shaped channels 1 to 2m deep and 8 to 10m wide were formed. 
Incisions (fluting), appearing from a distance like scratches on the channel floor were 
reported. These incisions ran parallel to the sides of the channel. Distinctive levee 
formations were also noted. Dried out block-like fragments were observed as well as 
bentonite slurry in various stages of hydration. Although these flows were reported as 
debris flows it is not clear from the report whether they were mudflows. There is a 
possibility that the dried fragments could have acted as coarse grains at the flow front as 
in the usual rocky fronted debris flows. 
(h) Pennsylvania 
Johnson and Rahn (1970) described debris flows 5 miles NW of State College, 
Pennsylvania. Small landslides were filmed as they transformed into debris flows by the 
incorporation of water at Bullock Run. This transformation was said to be more rapid 
where springs existed. 
The fan is roughly triangular and broadly convex but marked by numerous erosion and 
deposition events. The lobate tongue-like deposits contain cobbles and boulders. 
It is interesting to note that the youngest lobe had a surface free of fines. It was armoured 
by a layer of cobbles, pebbles and boulders. In addition it was stated that periodic rains 
remove fines from the deposits on both the main gulley and fan l2• Yet below this were 
fines and large grains mixed randomly. Finger-like projections were observed in a large 
deposit and were most likely the result of remobilisation. 
12 
Winnowing of [mes from debris flow deposits might account for some instances of sieve deposits-see 
Chapter 5. Broscoe and Thompson (1969) considered this of very significant... The effect of the 
runoff was to change the appearance of the mudflow (ie debris flow) to the point where one would be 
led to believe it to be almost exclusively gravel sizes and to misled concerning its manner of formation. 
Also the washed fan deposits consist of a veneer of clean gravel of high porosity. The authors also cited 
descriptions by Singewald (1928), Fryxell and Horberg (1943) and Curry (1966) of similar "cleaned" 
deposits. 
k,~;:;;:;:,-~':;~:::;~ 
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(i) Central Colorado. 
Curry (1966) was an eye witness to "mudflows" (debris flows) originating in Mayflower 
Gulch in the Tenmile Range in Central Colorado. These occurred on August 1 8 1 961 
after 24 hours of rainfall. Flows were a series of pulses having a maximum velocity of 
about 17 m/s (centre of the flow). Surges were initiated on channel slopes ranging from 
35 to 41 degrees. Termination of surge motion took place on slopes ranging from 7.5 to 
12 degrees. The debris flow pulses appeared to be generated from shock waves originating 
from water impacting on to talus slopes inclined near the angle of repose. These surges 
moved on the talus and the impression was that talus was incorporated into the front of 
the surge. At lower slopes of 25 to 33 degrees the material at the front of the flow was 
pushed to the side to form well defined levees up to 1 m high. Angular boulders up to 0.8 
m were seen to be carried on the surface of the flow. All boulders were covered with a 
thin layer of mud. "Rolling under" was not observed but rather the talus was pushed up 
!~;jiB*5J~t:~~:~~ 
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into a ridge which was reincorporated back into the surge. The average density of the i ' 
interstitial matrix was measured and found to 2520 kg m-3 with a viscosity estimated to 
be 30000 kPa using a viscosity formula of Sharp and Nobles (1953, p 552). 
2.4 SUBAQUEOUS DEBRIS FLOWS. 
As far as the author is aware there have been no actual sightings of sub-aqueous debris 
flows in a state of motion and so it is, as yet, unclear to whatl~ge extent subaqueous 
debris flows are similar to their terrestrial counterparts. Nevertheless there exist a large 
number of detailed published descriptions of deposits (debrites) located on land and on 
the sea floor. 13 • One important observational feature is that in an aqueous environment 
the sea floor slope angles for surge propagation can be very low. Embley (1980) reported 
slopes as low as 0.1 degrees. 
Inferences of process within sub-aqueous debris flows from the deposits have been made 
by sedimentologists such as Lewis (1980). This type of inference work is necessarily based 
on the current sub-aerial debris flow theories available (eg Pierson 1985). Lewis et al 
(1980) studied the deposits at Deadman's Stream, 20 km north of the Clarence River, 
in New Zealand. These deposits showed evidence of levees, coarse grains and shells and 
boulders in a fines matrix, floating rafts (plugs), evidence of low and high viscosity 
13 The tenn "debrite" is used in the work of Moore (1989) who described Kirk's Breccia, East Cape, 
North Island, New Zealand as a channelised submarine debris flow. 
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flows,internal sorting processes, evidence of grain locking and transport as bedload, grain 
orientation in the direction of flow in what were inferred as deposits where the interstitial 
fluid was of low viscosity. However in high viscosity flows it was found that the fabric is 
one of disorientated grains. 
Lewis (1978) presented a detailed sedimentary analysis with inferences of flow mechanics 
of sub-aqueous debris flows at Motunau beach, North Canterbury. In one deposit he 
suggested that it represented a debris flow surge head composed of coarse grains while the 
tail region had progressively less and less grains. He speculated that the debris flow snout 
can at least erode softer layers. 
2.4 EXTRA-TERRESTRIAL DEBRIS FLOWS 
There has been some suggestion that debris flows take place on Mars and are responsible 
for the Martian channels ( Nummedal and Prior 1.981 ). This was based on morphological 
similarities with terrestrial flows. An oblique Viking image mosaic of Aromatum Chaos and 
Ravi Vallis contained what was interpreted as a source area (the chaos zone) and a debris 
flow channel with a grooved channel floor were identified. 
2.6 SUMMARY OF THE REVIEW (including Table 2.1). 
This review of published and unpublished accounts of debris flow surges in the field has 
revealed a large variety of physical characteristics associated with the phenomenon. It is 
possible to define approximate limits on such factors as surge height, velocity. These 
includej 
• Surge height: 0.01 m to several metres. eg 5 m. 
• Surge Speed: Near zero speed up to several metres per second ego 17 m/s 
• Surge channel slope: 0.1 degrees ( subaqueous surges) to 40 degrees. 
• Surge viscosity ( 0.01 Pa-s to several thousands of Pa-s) 
• Grain Size Distributions ( generally widely graded) 
• Water Content: 80 % down to 20 %. 
Since so little is known of debris flows in the field even a single observation could help to 
elucidate fundamental processes. Therefore a collection of referenced field observations 
drawn from Chapter 2 is presented in Table 2.1. This will prove useful for future 
i· ~~ _ ::-~:; _ ;..:~ ~~ .-~:..:~-.:~ J 
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investigators. Some of the observations will be used in lhapter 5 to provide support for 
the main hypothesis of this thesis. 
FIELD OBSERVATION Reference 
SURGE SIZE AND HEIGHT 
Surge heights up to 2.3 m. Pierson (1985) 
Flows were observed that involved less than a cubic meter Hampton (1972). 
of material. 
Maximum surge depth decreases from the channel centre to Davies et al (1991). 
the channel wall. 
Surge lengths 10-20 m for small surges and 50-60 m for Li and Luo (1981). 
larger surges ( surge lengths can be greater than this) 
Surge heights vary from a few centimeters to several Innes (1984) 
metres. 
SURGE MATERIAL- RESISTANCE TO SHEAR. 
Viscosity of the interstitial liquid was said to vary widely. Sharp and Nobles (1953). 
Stationary material prior to surge formation has a yield Li and Luo (1981). 
strength. 
SURGE COMPOSITION14 
Contained boulders 1-2 m in diameter. Sharp and Nobles (1953). 
Debris flow surge contained widely graded 60-90 percent Pierson (1980). 
solid material. 
Surges contain 80 to 85 % by weight of solid material. Li and Luo (1981). 
SURGE DENSITIES. 
Density was measured as 2520 kg m-3 • Curry (1966). 
~:">-~:,"-;:,",-",;:-;~ 
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FIELD OBSERVATION Reference 
Bulk densities 2370-2400 kg m-J , slurry density 2000-2400 Li and Luo (1981), Li et al 
kgm-J (1983), Pierson (1980), Sharp 
and Nobles (1953). 
Debris flow density was from 2000-2400 kg m-J • Pierson (1980) 
SURGE INITIATION. 
Debris flows initiated from a natural dam. Suwa (1993), Pierson and Scott 
(1985). 
Initiation from the appearance of surface water flow on the Takahashi (1990) 
gulley bed. 
Initiation of surge by water running from channels on a Zimmerman (1990) 
rock face down on to a steep slope of talus. 
Stationary granular dam mobilisation into a surge. Broscoe and Thompson (1969), 
Johnson (1970), Sharp And 
Nobles (1953), Gallino and 
Pierson (1984). 
Apparent spontaneous production of debris flows in new Davies et al (1991) 
stationary deposits, producing small rocky fronted waves 
extending the whole width of the channel. 
Surges are generated by rainfall in low permeability ash Daido (1985) 
layers. These are deep layers of ash rather than shallow 
layers. 
Surge initiation from saturated blocks which moved down Hampton (1972) 
a slope and incorporated water which then transformed into 
a debris flow. Transformation distance 3 m. 
Debris flow initiated on a slope from a spoon-shaped Pierson (1980). 
depression. 
Pulsation of surges was observed as the periodic channel Sharp and Nobles (1953). 
choking with coarse grains which collapsed under pressure 
from material upstream. 
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FIELD OBSERVATION Reference 
The phenomenon of pulsation where surges appear in a Li and Luo (1981),Li et al 
series one after the other over a relatively short time span (1983), 
ie. tens of seconds to several minutes . However the Kang (1990), Curry (1966). 
"burst" can also last several hours. 
Local undercutting at a notch in a channel wall caused the Broscoe and Thomson (1969). 
periodic collapse of moraine material which produced 
temporary dams. Water and fines built up behind these 
dams saturating them but not overtopping. The saturated 
granular dam under the influence of the hydrostatic head of 
this material collapsed to generate a debris flow. 
Surges in the pulsation process arrive more frequently at the Kang (1990), Li et al (1983) 
start of an event. 
Surge initiation by slope liquefaction. Hampton (1972) 
SURGE APPEARANCE 
Li and Luo (1981), 
The cross channel surface profile of the head is convex Li et al (1983). 
while that of the tail can be concave. 
The cross channel leading edge profile was tongue shaped. Li et al (1983). 
Steep bouldery fronts. Hungr et al (1984), Kang (1990), 
Okuda et al (1980), Pierson 
(1985). 
There appears to be a boulder sorting process whereby Suwa et al (1985) 
boulders are brought to the surge front and tend to stay 
there. 
The surge had a characteristic longitudinal profile where Wan and Hua (1993), Suwa et al 
there was a dramatic increase in the flow depth in the snout (1985). 
followed by a more gradual reduction in the surge height. 
Described as a surge, wave or bore. Wan and Hua (1993) 
Longitudinal profile appears to vary from steep to vertical Kang (1990) 
to oversteepened. 
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FIELD OBSERVATION Reference 
Steep bouldery fronts followed by a swell of slurry Hungr et al (1984),Okuda et al 
containing fmer debris which becomes more dilute and (1980), Pierson (1980), 
turbulent. Pierson (1985) 
Debris flows composed of bentonite clay. Anderson et al (1969) 
The surge head contains much larger boulders and there is a Suwa et al (1985) 
decrease in grain size and concentration in the trailing flow. 
Debris flows that appear like a viscous liquid with a Li and Luo (1981) 
granular texture. 
Rigid plugs of material were observed across 90% of the Pierson (1985) 
channel. 
Bouldery fronts were steeper with more viscous interstitial Sharp and Nobles (1953). 
fluid. 
Laminar flow at peak: discharge. Hungr et al (1984) 
Flow described as being like wet concrete. Li and Luo (1981), Sharp and 
Nobles (1953). 
SURGE RUNOUT DISTANCES 
Compared to a small catchment area a larger catchment Zimmerman (1990) 
under equal rainfall conditions will produce surges with a 
longer runout. 
Surges travelled long distances eg 3 km. Pierson (1980) 
Larger debris flows have longer runouts than smaller ones. Zimmerman (1990) 
SURGE TRANSFORMATIONS 
A 5000 m3 landslide transformed into a debris flow. Gallino and Pierson (1984). 
Transformation of a landslide block into a debris flow only Hampton (1972) 
took place if there was sufficient water available. 
Transformation from a volcanic debris flow (lahar) to Scott (1985). 
hyperconcentrated flow. 
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FIELD OBSERVATION Reference 
Debris flow to hyperconcentrated flow as the debris flow Suwa (1993) 
moves downslope. 
Water surge transformed into a debris flow. Stillwell et af (1954), Scott 
(1985). 
t:'~;:~-~t~~~ 
SURGE FRONT VELOCITY, ACCELERATION. 
t;;7+:+::i.~ti.::i 
Maximum cross channel surge velocity in the middle. Innes (1984), Li and Luo (1981) 
When the surge decelerates on a lower slope and deposition Hungr et af (1984) 
occurs. 
The surge decelerates in passing from a narrow to a wide 
channel, deposition occurs. 
Strong dependence of individual surge velocity with depth. 
Surge accelerates on what are considered steep slopes while Okuda et af (1980) 
medium slopes it travels at constant speed and at low slopes 
the surge decelerates. 
Surge front velocities in the middle of the surge were up to Curry (1966). 
17 mls. 
Maximum surge velocities are from 10 to 15 mls. Li and Luo (1981) 
Surge velocities ranged from 1-5 mls. Sharp and Nobles (1953). 
Surge front velocities up to 5.9 mls. Pierson (1985) 
Large surge speeds 5 mis, 12m1s. Pierson (1980), Niyazov and 
Degovets (1975). 
MOTION WITHIN THE SURGE. 
Rolling under of boulders not observed but talus material is Curry (1966). 
reassimilated back into the surge. 
Boulders were moving behind the surge front at 1.8 times Pierson (1985). 
the velocity of the surge front. 
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FIELD OBSERVATION Reference 
Small cobbles moved to the surge front tumbled down and Pierson (1985). 
were reincorporated into the surge. However boulders were 
simply pushed along. 
Velocity of surface flow decreases from the snout to the Wan and Hua (1993) 
tail. 
Velocity of surface flow was measured to be greater at the Suwa et al (1985), Watanabe and 
rear of the snout. Ikeya (1981) 
Large stones appear to jump on the surface of the debris Takahashi (1978) 
flow surge. 
Gravels and pebbles moved in a direction parallel to the Wan and Hua (1993) 
channel bed. 
Boulders supported in the flow. Middleton and Hampton (1976), 
Li et al (1983), Sharp and 
Nobles (1953). 
Logs floating in a slurry of crushed sand and fines. Hungr et al (1984) 
Overriding of material at the top of the surge snout but no Sharp and Nobles (1953). 
breaker-like rolling under. 
Suggestion of an internal sorting process where boulders Pierson (1980) 
and cobbles were forced out of the flow and formed levees. 
Large boulders concentrated at the head of the surge. Li and Luo (1981). 
The interstitial slurry appears to descend from the surface Suwa et al (1985) 
downward at the transition between the granular head and 
more liquid-like tail. 
An 80 ton boulder was transported down a slope of six Broscoe and Thomson (1969). 
degrees. It was partly submerged in slurry. It was thought 
that a hydrostatic head developed that provided a force 
component down slope. 
Boulder fronts act as moving dams providing resistance to Pierson (1985) 
flow. They appear to slow the whole debris flow surge 
down. 
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FIELD OBSERVATION Reference 
Boulder front gets larger with distance down slope as more Pierson (1985). 
boulders accumulate at the front. 
Mud appeared to be leaking through the bouldery front. Sharp and Nobles (1953). 
Indirect evidence of debris flow division and reuniting. Stillwell et al (1954). 
Standing waves with a V shape pointing downstream in the Pierson (1980). 
trailing flow. 
Slurry appears to exert a significant force on the bouldery Pierson (1985) 
surge front. 
Boulders were tossed around but were not rolled under. Sharp and Nobles (1953). 
Ground vibration recorded. Okuda et al (1980) 
Boulders were pushed along by debris impounded behind Sharp and Nobles (1953). 
the boulder dam. 
CHANNEL CHARACTERISTICS. 
Lower limit of the slope angle (1-2 degrees). 
Surges observed to move on slopes 10 to 18 degrees. Hungr et al (1984) 
Surges moved on slopes of 30-40 degrees. Pierson (1980) 
Surges moved on slopes of 7-22 degrees. 
Slope angle for deposition was 10 to 12 degrees. Hungr et al (1984) 
Surges moved on slopes ranging from 35-41 degrees. Curry (1966). 
, - .. ~ -
Surges stopped on slopes from 7.5-12 degrees. 
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Nick point recession as surges move over the nick point. Davies et al (1991), Sharp and 
Nobles (1953). 
Significant shear at the channel sides. Wan and Hua (1993). 
Lower limit on the slope angle of 20 degrees. Innes (1984) 
Surge undercuts a gravelly bank. Pierson (1980). 
Erosion of channel fill at surge speeds of 12-16 mls. Gallino and Pierson (1984). 
Channel modification such as scouring and widening. Sharp and Nobles (1953). 
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FIELD OBSERVATION Reference 
Debris flow erosion depth limited by the presence of bed Pierson (1980). 
rock. 
Surges are contained in channels. Pierson (1980). 
Surges form their own channels. Pierson (1980). 
U shaped cross. section of an eroded channel. Zimmerman (1990), Pierson 
(1980), Anderson et al (1969) 
Fluting of the channel floor. Anderson et al (1969). 
Width to depth ratio of eroded channel was less than 5. Zimmerman (1990) 
Dammed up material swept away by surges. Sharp and Nobles (1953). 
Erosion at higher slopes but deposition at lower slopes. Steijn et al (1988) 
V shaped cross section of an eroded channel. Okuda et al (1980) 
DEPOSITION EFFECTS 
Levee zone contained a meandering pattern at lower slope Steijn et al (1988) 
angles. 
Boulders decreased in size from the site of initiation. Sharp and Nobles (1953). 
As a debris flow surge encountered a solid dam the coarse Pierson (1985) 
material of the surge gets pounded up behind the dam while 
the more liquid tail flows over. 
Levees observed. Anderson et al (1969), Curry 
(1966),Pierson (1980). 
Coarse texture of debris flow deposits. Kang and Zhang (1981), Innes 
(1984), Stillwell et al (1954) 
Inferred deposition of a string of conical hills by volcanic Cotton (1944) 
debris flows. 
General trend for a decrease in the levee height with Steijn et al (1988) 
distance downslope. 
Fabric alignment of stationary deposits in presumed Innes (1984) 
direction of flow. 
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FIELD OBSERVATION Reference 
Levees were 1 ill high. Curry (1966). 
Debris flows when encountering flatter unconfined slopes Pierson (1980). 
form debris flow cones or fans. 
Debris flow levees are overlapping. Pierson (1980). ~-~~~~:~~~ 
Deposits of debris flows generally have very non-uniform Phillips (1988) 
H+::~~t_~i.::;,~ 
grain size distributions. 
Unsorted debris lobes and debris cones. Zimmerman (1990) 
CHAPTER THREE 
REVIEW OF PAST HYPOTHESES. 
3.1 INTRODUCTION 
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This chapter briefly reviews the hypotheses which have previously been advanced to 
describe a debris flow surge providing a background for the MSGD hypothesis proposed 
in this thesis. Also included is a brief review of past hypotheses to account for the 
accumulation of boulders at the front of the debris flow surge. 
3.2 THE HYPOTHESES. 
3.2.1 THE VISCO-PLASTIC HYPOTHESIS 
Iverson and Denlinger (1987) presented a conceptual assessment of the various theories 
available at the time. They stated that prior to the mid sixties the study of debris flows was 
entirely empirical. The first quantitative theory of debris flows was proposed by Johnson 
(1965) and Yano and Daido (1965). This theory ( the viscoplastic theory) treated the 
debris flow surge as a homogeneous Bingham plastic. A Bingham plastic is a liquid with a 
yield strength 1. This theory is capable of describing an upper unsheared region, termed 
a solid "plug". 
The Bingham plastic theory was said to have had some success in accounting for the 
existence of rigid plugs carried along in the centre of a channel in the field. The plug has 
also been used to explain the transport of large boulders which are apparently rafted along 
in the plug. Overtopping of rigid plugs at the channel sides has also been used to explain 
levee formation ( Middleton and Hampton 1976, p 210 ). 
One major shortcoming of this approach is that it does not address the grain to grain 
interactions, and particle sorting clearly evident in some debris flows. It was considered to 
be at best an incomplete description. 
I;~~;:~~:~~;::;~~-i~;:~ ~ 
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Takahashi (1981) cited the work of Johnson (1970), who obtained an equation for the, 
1 The yield strength in the simple Bingham model can be generalised to include a frictional 
strength term resulting in the Coulomb-viscous model. 
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snout of a simple plastic flow. Johnson stated that such an equation could be applied to 
a moving field debris flow. Takahashi considered the predicted form of the snout too 
steep and instead suggested his own equation which was said to be more gradually 
asymptotic to flow depth. 
3.2.2 THE ROLL WAVE HYPOTHESIS 
Hikida (1990) cited Takahashi who in 1981 stated that debris flow "waves" are similar 
to roll waves in water and appears to have been the first to mention of a roll wave-debris 
flow association. 
Davies (1986) put fOlWard an explanation of the large debris flows at Jiang Jia river valley 
in China, as a type of slurry roll wave. Roll waves form from an instability in uniform open 
channel flow at some critical Froude number. This explanation requires a homogeneous 
mixture of coarse grains and interstitial fluid, this granular fluid being in a macro-viscous 
regime. 
Later field observations by Davies et al (1 991 ), at Jiang Jia, China were apparently in 
conflict with the roll wave hypothesis because of the sudden appearance of small waves 
which started from rest. It was proposed that if there was a random succession of faster 
moving large waves and slower small waves due to instabilities in the stationary slurry 
material these will evolve into a more periodic and larger set of waves analogous to the 
behaviour of roll waves. However in a later publication, Davies et al (1992) stated, 
The roll-wave hypothesis of Takahashi (1983) and Davies (1986) thus seems likely to 
describe the evolution. if not the initiation. of slurry waves. 
The roll wave description has difficulty accounting for surges at lower velocities than the 
critical velocity characterised by the Froude number for roll wave production in slurries 
and hence the added difficulty of accounting for surges starting from rest-eg small surges 
in the Jiang Jia river valley reported by Davies et al (1991). 
3.2.3 BORES AND PROGRESSIVE WAVE HYPOTHESES. 
Davies (1993) later proposed that the large valley debris flows at Jiang Jia which he 
termed type B could be described as a uniformly progressive wave (Chow 1959 ). 
;-:':,.-'.;,' ".-,-,---
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The equation quoted is, 
[3.1 ] 
The equation requires the existence on a fixed bed, of a stationary layer of fluid, do. 
Kanw (1990), p34, observed at Jiang Jia debris flow surges which were able to move 
on to a dry rough floor without the requiring a stationary layer do. The above equation is 
not defined for do = O. 
I 
A bore description was apparently first proposed by Williams, cited in Johnson and 
Rodine (1984). He was said to have compared the snout of a debris flow surge to a bore 
front. He briefly defined the conditions of flow depth necessary for bore formation. Davies 
et al (1991 ) used a wave description when referring to the Chinese surges in the Jiang Jia 
river valley. This explanation proposes that a wave moves at a velocity given by a celerity 
c, 
[3.2] c = VI ( 11 ( 1-R» 
where VI and R are the initial velocity of flow, R is the ratio of downstream and upstream 
depths. Note that equation 3.2 is not defined for R = 1. 
3.2.4 THE KINEMATIC WAVE HYPOTHESIS 
Weir (1982) used kinematic wave theory to obtain simple expressions for the behaviour 
of lahars on Mt Ruapehu, NZ on the basis that if Ruapehu lahars are non-structural(ie high 
water content) then they may behave as roll waves at steep angles while at shallow slope 
angles kinematic wave theory would apply. 
Takahashi (1 991 ), p 90 stated that in the case of debris flows spawned from natural dam 
failure, strong attenuation takes place as they move down a channel. Kinematic wave 
theory of uniform flow using a method by Hunt (1982) was presented to establish the 
deformation of the shock's non-dimensional height with non-dimensional distance. 
Kinematic wave theory predicts strong attenuation of flow depth. 
2 This author used a dimensional analysis involving the surge height H, slope I, mean grain size, dcp, 
viscosity 1'], density p, g to obtain an expression for the surge speed as 
V = 27 57(d lH)o.245(gHI)o.5 
~ . ~ . 
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Hunt (1993) solved the one dimensional unsteady non-uniform laminar flow momentum 
and continuity equations using a kinetic wave approximation. He obtained composite 
solutions which were found to be in agreement with the free surface profiles of PVC grain 
and water surges produced in a moving bed flume by Davies (1990). 
Mironova and Yablonskiy (1 992) used model solutions of the St Venant equations and 
compared these with an actual debris flow event called the 1 961 Baby Yar Debris flow 
that took place in Kiev in Russia. 
3.2.5 THE DISPERSIVE PRESSURE HYPOTHESIS. 
The first attempts to construct a quantitative debris flow theory in which particle 
interactions were explicitly treated began with Takahashi (1978). However the basis of 
such work began much earlier. Bagnold (1954) sheared 1.3 mm diameter neutrally 
buoyant wax spheres in a ring viscometer3• Although the experiments were very limited 
in the range of material, and other variables he applied his findings (Bagnold 1956) to a 
debris flow which he termed "flowing gravel"(see also Chapter 2}. Bagnold stated that 
dispersive pressure effects in his grain and liquid flows become apparent when the grain 
volume concentration reaches 10 percent4• Dispersive forces were hypothesised to occur 
when grains in colliding and moving over each other produced a net upward normal 
stresses. These dispersive stresses were shown to be proportional to the local velocity 
gradient squared5• Bagnold in the 1954 paper did not explicitly state that his findings 
could be applied to the debris flow problem as such. However his assumption that there 
was viscous mud beneath the stones of the flow is suggestive of a stone laden debris flow. 
Later authors such as Takahashi (1980) considered that the basic physical mechanism 
of debris flows was initially proposed by Bagnold (1954). Takahashi subsequently based 
his work on that of Bagnold's dilatant fluid. Scheidegger (1975) also claimed that 
Bagnold's theory could be invoked as an explanation of the mechanics of debris flows 
3 Only relatively recently have Bagnold's original experiments been checked. Takahashi (1991) cited Savage 
and Me Keown (1983) who verified the main relations but found a larger coefficient relating the dispersive stress to 
(dv/dz)2. Daido (1979) found a coefficient ten times smaller than Bagnold's. Hanes and Inman (1985) with a slightly 
different apparatus obtained near identical results to those of Bagnold. 
4 Middleton and Hampton (1976) quoted 9 percent. 
5 Bagnold (1954) derived this result by a simple collisional argument which was also demonstrated in his 
experiments. 
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without going into any detail. 
Takahashi (1978) treated a debris flow as a uniform flow of colliding grains in a matrix. 
Dispersive stresses are generated by collisions of particles. The Bagnold shear stress term, 
T (where T = P Tan a, P is the dispersive stress, and a is a some unknown angle 
determined by grain collision conditions) was equated to the alongslope gravity 
component of liquid and grains at failure from a water table. This equation of motion was 
solved for u the velocity parallel to the slope. 
Takahashi (1980) assumed a homogeneous liquid and used balance of mass and 
momentum equations, including a Bagnoldian shear stress term, To, to derive an 
expression for the longitudinal profile for a debris flow surge snout. However Armanini 
(1993) performed a similar analysis but with the friction coefficient k = ch-2 where h is 
the surge depth and c is a constant. He found a large disagreement between his and 
Takahashi's theoretical profile with the experimental work of Armanini and Scotton 
(1993) who used PVC grains in an ionic resin fluid with p = 1080 kg m-3• 
Iverson and Denlinger (1987) critically examined the uniformly dispersed grain theories 
(UDGF) of Takahashi (1978). They considered that UDGF theory has major deficiencies. 
UDGF theories are based on grains of a uniform size, which being distributed uniformly 
throughout the flow cannot therefore explain inverse grading even though attempts have 
been made6• The uniformly distributed particle assumption demands that the induced 
normal stresses increase linearly with flow depth, while the Bagnold dispersive stress 
equation requires that these normal stresses be proportional to the square of the local 
velocity. There is an overdeterminancy in the expression for induced normal stresses. 
The second criticism of the UDGF theory was that the integration of the dispersive-stress 
equation always leads to velocity with depth profiles that exhibit a concave upward shape 
despite the observed fact that many field surges appear to possess plugs. 
3.3 A BRIEF REVIEW OF THE HYPOTHETICAL MECHANISMS PROPOSED TO 
ACCOUNT FOR THE FOCUSING AND ACCUMULATION OF LARGE BOULDERS 
AT THE SURGE FRONT. 
6 Iverson and Delinger (1987) provided a demonstration of the circularity of logic involved in such an 
explanation. 
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An important issue in debris flow research and any proposed surge model concerns the 
question of how boulders are transported to the snout of a surge and accumulate there. 
Suwa (1988) described this as "focusing" and he gave a brief review of the current 
hypotheses proposed to account for this. In particular, he commented on the widely 
known hypothesis that a combination of the inverse grading process and the suspected high 
velocities in the upper layers of a field debris flow might account for the focusing process. 
An inverse grading process such as kinetic sieving, is one where the larger particles move 
in an upward direction. 
Several hypotheses have been published which attempt to explain the postulated kinetic 
sieving effect ( ego Bagnold 1 968). However in his flume studies he found the inverse 
grading effects were unexpectedly small. The author also stated that kinetic sieving has not 
been confirmed in the field. As a response to this, Suwa (1988) proposed a selective 
entrainment process whereby large boulders attain a high terminal velocity on a steep slope 
and focus the boulders to the front of the surge snout. So at present there is no widely 
accepted explanation of focusing although in Chapter 5 a quantitative explanation was 
deduced from experimental observations compatible with the MSGD description. 
3.4 REVIEW SUMMARY. 
Several of the hypotheses proposed to describe the debris flow surge do have some success 
when compared with the results of experimental flows or with field data but there are 
clearly problems with each description proposed, some of which have been mentioned. 
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CHAPTER 4 
REVIEW OF EXPERIMENTAL WORK. 
4. 1 INTRODUCTION 
The intention of this chapter is to review the literature on flume experimentation as it 
relates to debris flow modelling to determine whether there exists any appropriate 
experimental work which might be relevant to the development and testing of the 
MSGD hypothesis. 
4.2 SUB- AERIAL DEBRIS FLOW MODELLING 
4.2.1 MOVING BELT FLUME EXPERIMENTS. 
Davies (1988) and later, Davies (1991) reported on using a moving bed flume 2 m long, 
and 50 mm wide. He based the design of his flume on similar moving belt flumes used 
by other authors (eg Iwamoto and Hirano 1981; Bagnold; 1974; Gulliver and 
Halverson; 1985). The flume was operated at speeds from 0.25 mls to 1.17 mls with the 
slope angle varied between 5 and 19 degrees. Uniform 4mm PVC plastic grains and 
water "waves" containing distinctive flow regions were observed. The head or front of 
the flow characteristically possessed a greater concentration of grains and exhibited 
a low shear region above a high shear zone. The trailing region had a fluid-like flow. An 
apparent viscosity transition was noted between the head and the tail. The minimum 
slope angle for wave existence was not less than about 5 degrees. The slope angle of 
the tail to the horizontal was consistently measured to be 7 degrees. 
These waves were stationary with respect to the flume walls. Interestingly at constant 
belt speeds increases in grain volume did not always lead to an increase in wave 
height. However increases in belt speed with a constant volume of grains gave a linear 
increase in the wave height. Recirculation of material from the head to the tail was 
observed. In small waves, only a head and tail were present, while in the larger surges, 
ego 5 cm height, a "body" was also observed, this being a uniform depth section 
separating the head from the tail. 
Three dominant flow regions were identified. The form of the wave was thought to be 
related to an unexplained fluid transition between the tail and head or the tail and body 
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region. These waves were stated to have a resemblance to field debris flow. These 
artificial surges were however considered to be, at best, an analogue of debris flows. 
Ling et al (1989) and more recently, Ling et al (1990) used a moving-belt flume and dry 
glass spheres of uniform sizes, 0.5 to 1.4 cm in diameter. The authors claimed that 
simulated debris flows could be produced by altering the speed and inclination of the 
conveyor belt. A generalised visco-plastic model GVF previously established by Chen 
(1988a,b) was compared against the experimental velocity profiles. The theory 
overpredicts the velocity in the bottom layers while underpredicting the top layers. This 
model was envisaged as eventually being used to model field debris flows. 
4.2.2 ROTA TlNG DRUM EXPERIMENTS 
Holmes et al (1990) described a new vertically-rotating flume. Mud flow simulations 
were reported that were thought to have similar flow fields to natural mudflows (debris 
flows) 
4.2.3 FIXED FLUME EXPERIMENTS 
(a) Flumes greater than 3 m in length. 
Iverson and La Husen (1993) reported on preliminary experiments using a 95 m long 
and 2 m wide flume inclined at 30 degrees to the horizontal and located 70 km east of 
Eugene in Oregon. To generate a debris flow a hydraulic piston opens a set of gates 
where up to 20 m3 of debris flow material can descend into the channel. There is a 
concrete runout pad below. Data acquisition instrumentation is placed at three 
locations along the flume including load cells piezometric sensors and ultrasonic flow 
depth meters. Their preliminary results suggest that grain to grain frictional contacts 
were a dominant feature. The Savage and Hutter granular depth-averaged equations 
usually used for dry grain flow were applied but with an extra term to account for pore 
water pressure, to predict surge velocity and depth. The model overpredicted the 
leading edge speed and flow depth by some tens of percent. 
Mizuyama (1984), in a study used to examine the movement of logs in an artificial surge 
used as m long by 20 cm wide flume, inclined at an angle of 17.2 degrees. A sand and 
gravel mix was put on the flume bed to a depth of 5 cm. The median diameter of the 
grains was 6.3 mm, and water was supplied continuously at a rate of 2 litres per second, 
from the upper end of the flume. A debris flow was reported to have been initiated by 
water flow on to the stationary bed mobilising the sand and gravel. The movement of 
":::-:. <~ . - ..... 
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the grains and logs was filmed using a 35 mm motor drive camera and a video camera. 
Mizuyama and Uehara (1983), used a 25 m long flume, 20 cm wide with five segments 
each 5 m long, and decreasing in slope, from 25 degrees at the top, to 5 degrees at the 
bottom, ie. a 5 degree drop per segment. A sand bed on the flume had a constant 
thickness of 10 cm. Water was supplied from the top of the flume at a constant 
discharge of 1 to 5 litres/second. The median grain size was 5.46 mm. Artificial levees 
were observed and deposition process was studied, rather than the actual surge 
mechanics. 
Takahashi (1978) used a 7 m long flume, 20 cm wide, and 40 cm deep. One glass 
wall was used to view the surge. The slope angle was varied from 0 to 30 degrees. Two 
types of material were used consisting of type A which had a median diameter of 5.8 
mm and density 2600 kg m-3, tan <p = 0.75 and 'material type C had a mean diameter 
of 3 mm and density 2580 kg m-3 , tan <p = 0.75. In one series of experiments, material 
A was laid down as a bed and was saturated prior to the experiment with a watering pot. 
In the case of material C, he used a dry bed with an abrupt discharge of water at the 
upstream end of the bed. A "bore" of the mixture of gravel and water was formed and 
travelled downstream. The flow profile and the propagation and erosion processes were 
recorded by a 35 mm motor-driven camera and 16 mm movie camera. The erosion 
process was seen to take place within the tail region. Discharge and concentration of 
the debris flow were measured at the downstream end of the flume. Two types of flow 
were observed. Type 1 had a clear water layer over the dense mixture of grain and 
water and was thought to be hyperconcentrated flow. With type 2 surges the grains 
and water were completely mixed. 
Tsubaki et al (1982), reported on experiments, in a 7 m long, 15 cm wide, 30 cm deep 
flume having a transparent perspex wall on one side. Three types of grain material 
were used with diamters 17.4mm, 8.2mm, 4.6mm and solid to liquid densities of 1.25, 
1.6, 2.59 respectively. The so-called "bore profile" was recorded by two VTR cameras. 
Close-up films of the moving grains were taken with a 16 mm high speed camera 
running at 100 to 200 frames per second. Grain to grain interactions were studied which 
led to a theoretical formulation of an expression for the components of grain stress. 
Experimental results for the runs B,C for this bore yielded dimensionless graphs for the 
distribution of concentration, velocity profile,concentration flux versus bed slope and a 
47 
comparison between the theoretical bore height which was based on two dimensional 
steady uniform flow equations, and the experimental bore height for the slope gradient 
0.05 to 0.4. 
Wang (1993) used a 8.7 m long by 10 cm wide tilting flume to produce 1-2 cm high roll 
waves from inputs of uniform viscous flows of mud. This intention of this 
experimentation was to model the surges at Jiang Jia in China and related locations. 
The period of the waves was considered to be much shorter than that found in the field. 
The difference in height and period was thought to be one of geometric scale. The 
conditions required were large slope and low flow depth. In another flume 24 m long 
by 60 em wide at high slopes (4.8 % ) and high clay concentrations ( 1456 kg m-3) and 
shear strength (19 kPa) the flow developed into surges 3-5 cm in height. The growth of 
these surges was fast at first then levelled off to constant velocity. It was concluded that 
the higher the yield strength of the matrix and the lower the depth, the more likely waves 
develop. 
Davies (1994) produced coal slack and dilute wall paper paste surges in a 9 m by 150 
mm wide flume in an attempt to dynamically model field debris flows. Initiation of the 
surges was by a steady flow of wall paper paste to a stationary grain volume trapped 
behind a barrier. When the grain material was fully saturated the gate was lifted and a 
surge moved down the channel where it attained a fairly steady speed. Surge 
production was investigated for varying; volumes of starting material, slope angle, and 
flow rates. 
(b) Flumes less than 3m in length. 
Cui (1992) used a 2 m flume to simulate debris flow initiation in the Shuzheng Gulley, 
in the Jiuzhai Valley, in the Northern part of Hengduan Mountains. The flume was a 
perspex box, 20 cm wide, 20 cm deep and the slope angle could be varied manually. . ..... . 
The first 50 cm of the flume was used as the initiation section. Ninety four experiments 
were reported to have been conducted. Mathematical equations were presented which 
correlated slope angle for surge production with the degree of saturation, S where S 
equals the volume of water divided by the total pore volume of the material for initiation. 
Hirano et al (1985) used a 2.5 m long flume with a width of 0.1 m and 0.15 m high walls. 
The purpose of the experimentation was to model rainfall generated lahars in the active 
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volcano area around Mt Sakurajima. Three pipes and nozzles delivered water to a 
uniform bed with sandy layers. The bed depths used were 0.015 m, 0.03 m, 0.05 m, and 
0.07 m, with slopes varying from 0.245 to 0.595. Two types of sand were used; Toyoura 
standard sand ( 0.3 mm) and silica sand ( 0.17 mm ). The bed remained stable until the 
water level reached the surface. When this took place a " swollen front like a terrace" 
formed. A criterion equation for surge generation was derived from a continuity equation 
of the water seepage. This criterion was, 
[4.1 ] r T I k > 0 II (tan 8) 
where r T is the average rainfall intensity during t where t is the time to generation, 0 is 
the bed depth, I is the distance from the upper end of the flume to where surface flow 
first appears, k is the hydraulic conductivity and 8 is the channel slope angle. All the 
surges which were initiated were found to be in agreement with this equation. The 
"wave" height and speed were constant throughout the flow. Note that the grain size in 
these surge experiments is about an order of magnitude less than the PVC grain and 
water surges reported in chapter 5. 
Takahashi (1991) in his monograph on debris flows described experiments he 
performed with solid sand particles d = 4.0 mm, p = 2650 kg m-3 , c. (packing 
concentration of solid) = 0.65, and an internal friction angle of 37 degrees. A mixture 
of water and sand was introduced into a rectilinear flume with a rigid bed, 0.2 m in width 
and 18 degrees in slope. The total discharge of water and solid was 2.2 lIs and the 
solids concentration, c = 0.45. (The resulting experimental and theoretical curves of 
Takahashi's eq 2.3.2 are shown on p 32 of the monograph. 
The theoretical equation contained the Bagnoldian terms, tan a = 0.6 and a = 0.041. 
There was reasonable agreement between experiment and theory. However in the case 
of the experimental and theoretical velocity distributions in an erodible bed experiments 
and with dso = 5.05 mm, a fit could be obtained only if a = 0.5. This represented an 
order of magnitude greater than the Bagnold value of a = 0.042. It was also found that 
1 The te~m "a" is a constant in the expression for the dispersive shear stress given by 
't = asm (50),,, d2(duJdz) 2 , see pg 28 Takahashi (1991). . 
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the theoretical curves did not fit so well at lower depths (see Figure 5.2, Takahashi 
1991, p33). 
Takahashi also cited Cheng (1987) and Tsubaki et al (1982) who argued that both the 
velocity distribution and large "a" values could refute the Bagnold dilatant model. 
However Takahashi suggested that the uncertainty in the a value is due to the 
variability of the extent of saturation prior to surge generation. The inflection in the 
velocity curves at the base of the flow was explained by using an additional stress 
turbulent stress term which was proportional to the velocity squared and the mixing 
length of the pore fluid. 
Takahashi and Fujii (1988), cited in Takahashi (1991), page 57, used a similar 
procedure as the earlier experiments to produce high viscosity surges (eg 0.012 Pa-s, 
1.2 Pa-s, 2.5 Pa-s , 12.4 Pa-s) in the macro-viscous range on an erodible bed using 
rosin powder mixed with water. Silica sand, with dm values of 1.15 mm, 1.6 mm, 2.67 
mm, and 5.23 mm was used. Velocity profiles and depth were recorded. Theoretical 
velocity 1 depth profiles showed some agreement with the experimental results. 
Takahashi (1991) also cited experiments using a flume with varying slope angle 30, 27, 
24, 21, 18, 15 degrees with surges produced by a 2 m long rainfall generator or a 
discharge tap at the top of the flume (0.2 to 0.35 lis) The length of the bed was 2.7 m. 
Among the parameters measured was bed depth erosion with time. Again theoretical 
curves were fitted to the experimental data. 
(d) Miscellaneous flume experiments. 
Hikada (1990) commented briefly on flume experiments of roll waves that were 
performed at Kyushu University. No description of the experiment, or of the results, was 
presented. 
Suwa (1988) and Hirano and Iwamoto (1981) found that the velocity profi Ie has a 
tendency to become uniform in the body and tail regions. 
Iverson and LaHusen (1989) sheared a closed packed array of horizontal cylindrical 
fibreglass rods 290 mm in length, 290 mm in diameter and spaced 0.12 mm from each 
neighbouring rod. All the rods except those along the slip surface were glued together 
at their ends. The array was immersed in water and sheared at rates of 0.1 to 0.4 m/s. 
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The shearing motion produced pore volume changes and pressure variations along the 
slip surface. Periodic pore pressure fluctuations about hydrostatic were measured. 
These fluctuations coincided with the rod array being supported above the lower rods. 
Egashira and Ashida (1985), examined experimentally and theoretically the case of a 
sliding block of saturated soil driven by water flow. The work was motivated by the 
conjecture that such a sliding block will eventually, by the acquisition of water, develop 
into a debris flow type surge. 
4.3 SUB-AQUEOUS FLUME EXPERIMENTS. 
The only work that appears to be in this field was by Hampton (1972), who used a glass 
tank about 6 m long and 1 m wide to model how turbidity currents might be generated 
from sub-aqueous debris flows. A semi-circular channel about 0.1 m wide and inclined 
at a slope angle of 7 degrees was used. Pure slurry was pumped into a lock and held 
prior to release. The glass flume was filled with water to a depth just less than 1 m. The 
lock waS opened and slurry was allowed to flow down the channel. The type of flow was 
dependent on the water content of the slurry. For example, slurry containing less than 
70% water broke into pieces and rigid blocks formed at the ·front of the slurry flow 
whereas 70 % to 75 % by weight of water had a snout that varied between a blunt 
profile and a wedge shape. Turbidity current generation was speculated to take place 
from the mixing of water at the snout rather than directly transforming into a surge. 
4.4 FIELD EXPERIMENTS 
4.4.1 SMALL SCALE EXPERIMENTS 
Rodine (1974) investigated initiation of debris flows at a steep site in Lead Canyon,lnyo 
County, California. Water was poured from a ten litre container on to one location. Water 
and soil ran out, down slope creating a hole. The water and soil collected more and 
more pebbles. The surge eroded small channels 2 to 3 cm deep and 2 to 3 cm long. 
Surges went through changes. At 3 m from the impact site, the surge was nonerosive, 
and smooth surfaced. By 10m the surge formed small levees and continued moving 
several tens of metres, thinning out and finally stopping. 
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4.4.2 LARGE SCALE 
Khegai et al (1992) presented a brief summary of work conducted at the Chemolgan 
debris flow testing ground located near Alma Ata in Kazakhstan on the Chemolgan 
river. Six debris flows were artificially triggered by releasing water from specially made 
moraine dams on to glacial moraine below. The granulometric composition of the 
moraine was under 1 mm (10 to 13%), 1-5 mm (15%), 5-10 mm (12%), 10 to 20 mm 
(5%), over 20 mm (50%). They were able to create a debris flow surge which travelled 
with a speed of 4 to 8 mIs, and transported 2 m diameter boulders. The surge generated 
from 40 000 m3 of water at a maximum discharge of 25 m3/s w~s estimated to have a 
volume of 200 to 300 m3.2 The debris flow was watched by delegates from a Soviet-
China Japan Symposium and Workshop on Natural disasters. Nomadic people had to 
be evacuated from the path of the surge which was reported to have travelled for one 
hour. 
4.5 SUMMARY 
The result of the review on experimental work is as follows. With the exception of the 
work of Davies, the published reports reviewed were found to be not directly relevant 
to developing or assessing the main hypothesis of the thesis. The reasons for this are 
; the lack of detailed observations reported in relation to the internal processes and 
structure of experimental surges, and the lack of similarities to debris flows in the field. 
2 It is unclear in this brief report where the large volume of water that did not contribute to the surge 
went to. This volume of water was most likely accounted for as a flood wave down the river channel. 
CHAPTER FIVE 
THE EXPERIMENTAL WORK 
5.1 GENERAL INTRODUCTION 
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The experimental work reported in this chapter was carried out to develop and test the 
central hypothesis of the thesis - that a field debris flow surge can be described 
macroscopically as a moving shearing earth dam (MSGD). 
To construct a sound and reasonable case for the MSGD hypothesis, experimental 
evidence must be gathered for the two subsidiary hypotheses first stated in Chapter one. 
These were; (a) that laboratory surges model field surges, and (b) laboratory surges can 
be analyzed using a MSGD model. Since this is an indirect route to testing the main 
MSGD hypothesis, the intended flume runs need to be briefly discussed to provide some 
preliminary understanding of why they were carried out; other supplementary work such 
as the ring shear cell involving the measurement of a dynamic friction angle also needs to 
be described. 
The first set of flume runs (set A) was intended to generate observational data which 
would uncover similarities with field observations. Some of these observations can then be 
selected on the basis that they point towards the intended common MSGD explanatory 
model, and they then provide the required experimental support for hypothesis (a). It is 
envisaged that some similarities may arise that do not initially have the hallmarks of the 
MSGD description but later work would establish whether this is the case or not. 
The preliminary results of set A were also intended to provide tentative answers to the 
, problem concerning the identity and location of the forces controlling the moving granular 
dam. These observations enabled a MSG D surge model to be constructed which can then 
be tested empirically. 
The second set of surge runs, called set B, attempted to quantitatively test hypothesis (b) 
- that laboratory generated surges can be described using the MSGD model built from the 
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set A, series of runs. 
The model needs to be briefly described in order to understand the intentions and method 
underlying the quantitative tests of the set B series of runs. The set A series of runs 
suggested that an ideal surge model consists of the surge head and body acting as a rigid 
granular block which has undergone an internal failure. In this case the forces acting on 
( 
the block are gravity, the frictional force at the base which would/described using a Mohr- lit', 
, ;\ 
Coulombic expression and a net hydrostatic force on the block from the tail reservoir (See 
Figure 5.1) 1. 
Granular surface 
Wetting Front 
h" h h GRAVITY FORCE Ig S ear zone. 
:~------l 
I 
HYDROSTATIC FORCE 
FRICTION FORCE 
Figure 5.1 : An Idealised MSGD Model. 
To provide a simple and direct test of this granular block model would mean creating 
equilibrium surges which approximated granular block conditions . "Equilibrium" here 
means that the surge maintains its form and travels at steady speed down a flume channel. 
An equilibrium surge under this idealised MSGD model would be a surge in which the 
granular frictional force on the granular dam is balanced by the gravitational and 
hydrostatic forces of the dam. 
/ 
1 Note that this is the model that was developed from observations of experimental surges which 
will be presented later. It was necessary to present this in the introduction so that the form of the 
experimental runs and later analysis to test the model, are clearly understood from the outset. 
.- .. >:~ 
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If such surges can be produced in the flume then a two dimensional stress analysis could 
be performed on the "granular dam" region of the surge. The assumption here is that the 
near wall profile of the surge head and body closely parallels that at any other location 
across the channel. A stress analysis using the method of normal strips (to be described) 
should result in the net stresses per unit width summing to zero. Conversely 1 if non-
equilibrium surges are produced 1 the net stresses per unit width should be of non-zero 
magnitude. 
Now such a strip analysis will need a calculation involving a Mohr-Coulombic frictional 
term. A value for the dynamic frictional angle of the material used in the runs will be 
required in the analysis. This can be measured directly using an appropriate shear cell 
apparatus. 
~. "-: 
.' . ';'.,: -.~ 
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5.2 EXPERIMENTAL APPARATUS AND TEST MA TERJALS. 
5.2.1 DESCRIPTION OF THE FLUME 
A conventional fixed flume, 9 m long, 1 5 cm wide, and 1.5 m in depth was used in almost 
all the runs. Further details of the flume are described in Whittaker (1979). The flume used by 
this author was modified to allow debris flow modelling work to be caried out. A diagram of 
this flume with the modifications is shown in Figure 5.2. 
To overhead crane 
41 ~ er 
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~ initial tap ositio~of 1fu gram heap 
Figure 5.2 : A schematic diagram of the 9m long flume used for debris flow modelling 
The flume was pivoted at one end so that it could be raised and lowered to a desired slope angle 
ranging from 0 to 20 degrees, by an overhead crane. The essential components of the flume 
were as follows. The channel walls were made from 6 mm thick perspex or glass panels. The 
channel floor was constructed from wooden sections with the bed roughness comprising 3 mm 
angular gravel glued to the flume floor. 
Initiation of the surge was carried out using two methods. The first initiation system consisted 
of a quick release funnel and rubber stopper system mounted at one end (see Figure 5.2) 
, , . _. ," ", ,-' ~ . 
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The second system which used a gate release and a pump-reservoir return system is shown 
diagramatically in Figure 5.3. 
To overhead cr.me 
panelS panel 7 panel 6 panelS panel 4 panel 3 
II II II II 
drain 
Wtial tap 
positioJl of 
1l1li ;rain heap 
delivery 'lube ----" 
Figure 5.3: The pump-reservoir system used to test the moving granular dam hypothesis. 
For this second system low flow rates from 0 to 0.1 1/s, were obtained using a belt driven 
positive displacement pump while for higher flow rates an immersion pump was used. A 
reservoir and separation screen or drum at the downslope end collected and separated the 
granular material from the liquid. 
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5.2.2 DESCRIPTION OF THE TEST MATERIALS. 
Flume runs were carried out for the different types of granular material described below. The 
grain size distributions (b axis measured) are shown in Figure 5.4. Photographs of samples of the 
materials are shown in Figures 5.5 (a) to (e). 
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Figure 5.4 : The grain size distributions of the materials used in the flume runs. 
(1) PVC plastic grain samples ( solid grain density 1300 kg m-3) were used in many of the 
preliminary runs because they had a fairly uniform grain size. The intention was to keep the flow 
simpler than flows involving more widely graded distributions. This material was also cheap and 
readily available. 
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(2) To investigate the effects of increasing the size of the grains large coal grains typically 4 cm 
in diameter were used in some of the runs. The grain density was 1 300 kg m-3• 
(3) One run is reported which used the deposits of a debris flow site at Bullock Creek in North 
Canterbury (see also Chapter 2). The grain density was 2560 kg m-3• 
( 4) Lastly coal slack was chosen as the material for direct testing of the hypothesis that 
laboratory surges are moving shearing earth dams. The coal slack was found to be an ideal test 
material because of the large quantities available, a grain size distributions and individual grain 
geometries which were similar to some field debris flow surges (Davies 1994). 
The majority of the flume runs used materials (I) and (4), and water as the interstial liquid. 
Wall paper size(dilute wall paper paste} was used where necessary, to increase the liquid viscosity 
beyond that of water. The viscosity of the wall paper size was measured using a variable speed 
concentric cylinder viscometer. To visualise the extent of saturation of the surge, a small 
quantity of either Rhodoamine-WT dye or white acrylic paint was added to the initiating liquid 
without significantly affecting its properties. 
II111111111111111111111111111111111111111 
1/2 mm 10 20 mm 
Figure 5.5(a): PVC plastic grains, sample 1. 
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Figure S.S(b} : PVC plastic grains, sample 2 
Figure S.S(c} : The coal slack sample. 
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Figure S.S{d) : The large coal grain sample. 
Figure S.S(e) : The Bullock Creek sample. 
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5.2.3 DESCRIPTION OF THE ANNULAR SHEAR CELL. 
The experimental set up for the annular shear cell is shown in Figure 5.6. 
Figure 5.6 : Photograph of the experimental set up of the shear cell which was used to 
determine the dynamic friction angle of the coal slack. 
The present shear cell was a modified version of the that constructed for the work of McMillan 
(1971). However several minor modifications were added to make it similar to the shear cell 
used by Hanes and Inman (1985). The basic shear consists of two concentric stainless steel disk 
assemblies which are mounted horizontally. The shear cell is shown diagrammatically in Figure 
5.7. 
The bottom disk had an annular channel 4 cm wide and 2 cm in depth. The centre of the 
channel was located 12 cm from the centre of the drive shaft of the cell. The bottom disk was 
driven by a hydraulic motor coupled to this drive shaft while the top disk, also mounted on the 
drive shaft but not coupled to it was restrained from rotating by a steel rod attached to a cord 
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which passed through a pulley to a set of weights resting on a chemical balance sensitive to 
0.01 g. 
torque arm 
to balance ~§~~~~ 
countenveight coal sample 
drive shaft 
00 hydraulic motor 
Figure 5.7 : A schematic diagram of the main elements of the shear cell apparatus. 
The restraining torque applied to the arm to balance the torque produced by frictional contact 
of the top plate with the granular material could be estimated from the apparent mass of the 
weights and the radius of the torque arm measured from the the centre of the drive shaft. 
The annular friction plate with coal slack on one surface was attached to the underside of the 
upper disk. A similar plate with 3 mm gravel was fixed to the the bottom of the annular trough. 
The purpose of these friction plates was an attempt to provide two no-slip boundaries that 
approximated the conditions within the surge in the vicinity of the flume bed. A pulley system 
supporting a container of 1 mm diameter lead shot acted as a counterweight to balance the 
weight of the upper disk. The tangential velocity of the lower disk was measured using a digital 
tachometer. Various weights were added to the upper disk to vary the applied normal stresses. 
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5.3 SET A EXPERIMENTAL RUNS- PRELIMINARY OBSERVATIONS. 
5.3.1 INTRODUCTION. 
The purpose of these preliminary flume runs was to develop a useful conceptual understanding 
of the moving shearing granular dam hypothesis and to provide some mainly qualitative 
observations in support of the hypothesis that laboratory surges" model" field surges. Therefore 
the intention was not to describe detailed motions of individual grains or measure velocity with 
depth profiles. 
5.3.2 PROCEDURE 
The general procedure was to deposit a given volume, V g of the granular material on the inside 
of the flume channel at the location x = o. 5 m. Liquid of a fixed volume, VI was then added 
to the funnel reservoir. The flume was raised to a given slope angle and the surge was initiated 
by pulling the rope attached to the rubber stopper. The surge was filmed by a video camera as 
the surge moved down the flume channel. 
5.3.3 RESULTS 
The results presented in this section were derived from a set of videos, numbered from 1 to 11, 
/ are stored in the Natural Resources Engineering Department at Lincoln University. 
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(a) General conditions for surge generation- Range of Vg and VI investigated. 
Figure 5.8 summarises the range of Vg and VI for which a surge was successfully produced. 
Surges were generated on slopes ranging from 5 degrees to 20 degrees. The surge heights varied 
from 2 cm to 10 cm. Typical surge frontal speeds ranged from 0.2 mls to 1.2 m/s. 
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Figure 5.8 : A graph of Vg versus VI. 
(b) Variation of the surge depth. 
The variation of the surge depth with time at a given location was essentially two types. The 
first was a relatively steep increase in the flow depth to a maximum (ie the "head") which then 
gradually decreased in depth (ie the "tail"). The second flow depth variation was similar to the 
first except that there was a region of uniform flow depth (the "body") between the surge front 
and the region where the flow depth gradually decreased. A schematic diagram of the most 
common longitudinal form of the surge taken from actual flume runs paper size surges is shown 
in Figure 5.9. 
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Figure 5.9 : Schematic diagram of the variation of flow depth for typical surges. 
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(c) Surge appearance 
~t 
The surge head and body surfaces appeared to a partially unsaturated with grains protruding 
from the surface. The surge tail was fully saturated with usually no grains protruding from the 
surface. Figures 5.10 (a),(b) are oblique views of the head and tail regions of PVC and water 
surge travelling on a slope of 7 degrees. 
Figure 5.10 (a): PVC and water surge on a slope of 7 degrees, Vg= VI = 8 Iitres. 
[Note that material in front of the surge was from a previous test]. 
Figure 5.1 O(b) : The wetter appearance of the tail region. 
(d) Wetting fronts. 
Existence 
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A significant finding, and not reported in past debris flow flume modelling, was the presence of 
a partially saturated region at the surge front 1• The delineation between the fully saturated 
region is referred to hereafter as the "wetting front". Figure 5. 11 is a photograph of a typical 
wetting front observed in a PVC plastic and water surge. Similar wetting fronts were observed 
and recorded for both the large coal grain and wall paper size and coal slack surges. 
Figure 5. 11 A typical wetting front in a PVC and water surge, moving on a slope of 1 5 
degrees. 
The wetting front and surge Initiation. 
In order to start a surge the initiating liquid, usually water was released on to the upslope half , 
of the grain deposits. Liquid was momentarily dammed up behind the grain deposits. Liquid 
from this reservoir then seeped into the saturated deposits forming an advancing wetting front. 
It should be noted that with the funnel initiation method significant momentum was transferred 
to the deposits by the impact of the liquid released. However surge motion for the lower slopes 
6- 1 5 degrees only began once the wetting front had advanced almost to the front of the 
1 Photographs of the wetting front were first presented by Coleman (1993) at an AGU combined conference 
in Baltimore. The existence of the wetting front was communicated orally to a debris flow conference in Grenoble 
(Davies 1993) and in a written publication via an International workshop held in Trent, Italy on "Floods and 
Inundations Related to Large Earth Movements" (Davies 1994). 
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initially stationary grain deposits.2 For example, see Figure 5.12 (a),(b). 
Figure S.12(a) : Initiation of a PVC and water surge on a 10 degree slope. 
Figure S.12(b) : The granular dam collapses. 
2 Surge production was also attempted using water dropped on to (a) ---{).5 mm sand and coal grains(few 
centrimeters diameter. What was found was that in the former case the impacting liquid did not have enough time to 
infiltrate in to the sand. The result was a sandy flow of water with no surge produced. In the latter case water did 
seep into the coal deposits but the porosity of the coal grains was very high and water merely drained through the 
deposits and flowed down the flume. 
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During the surge mobilisation process the wetting front would eventually recede from the 
leading edge of the surge leaving a partially unsaturated region. This unsaturated region would 
be maintained only so long as the surge continued to move. When the surge slowed down 
almost to stopping the wetting front would move downslope resulting in a the flattening out of 
the surge head. The liquid would then drain through the stationary deposits. See Figures 5. 12 
(c) to (f). 
Figure 5.12 (c) : The same surge as in Fig 5.12(a) but now at panel 4. [Note that the white 
region in front of the wetting front is a partially unsaturated grain region of the side of the surge 
adjacent to tne channel side and not an oblique view of the surge front]. 
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Figure 5.12 (d) : The surge at panelS. 
Figure S.12{e} : The surge at panel 7. Note the flattening of the surge head and reduction 
in the unsaturated region within the head region. 
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Figure 5. 12 (f) : The surge has stopped at a distance of 0.77 m from the initiation site. 
Liquid is at the point of draining from the deposits . 
./ Altenative initiation modes. 
At a slope of 20 degrees surge motion could commence without the wetting front reaching the 
extreme end of the deposits. Apparently this was because there was an "en-masse" failure of the 
grain deposit approximately parallel to the slope. 
Another mode of initiation was the production of a surge on the downslope face of the grain 
deposit, particularly when larger grain volumes were used. The surge moved down the face and 
as it progressed down the flume the grain heap decreased in size as more grains were 
incorporated into the newly created surge. 
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Further observations of the changes in the wetting front 
Additional major changes in the wetting front profile of a moving surge were noted under 
various conditions. For example surges generated from typically larger volumes, such as 1 5 
litres, the surge would momentarily slow down in the transition between certain panels where 
there was a slight decrease in the width of the flume channel. This decrease in surge speed 
coinciding with an increase in the unsaturated region within the surge head (see Figure 5. 13 (a) 
to (c). 
Figure S.13(a) : Photograph of a surge where, Vg = VI = 15 litres as it approaches the 
transition between panel 5 and 6. Slope = 20 degrees. The darker region in the head is the 
partially unsaturated region. 
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Figure 5.13 (b) : Note the increase in the unsaturated region of the head. 
Figure 5.13 (e) : Once the surge has passed the constriction, the area of the unsaturated 
region returns to approximately what it was before the encounter. 
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Also noticeable in the larger surges were unusually straight sections of the wetting front (see 
Figure 5.14). 
Figure 5.14 : A wetting front profile containing two straight sections. The upper section and 
the lower section adjacent to the flume bed form an angle of about 45 degrees. 
The wetting front profile for a surge moving on a dry granular bed of material showed a 
characteristic profile like that shown in Figure 5. 15. 
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Figure 5. t 5 : Photograph of a wetting front profile of a surge moving on a dry granular bed of 
uniform depth. The slope was 7 degrees. Note straight section of the wetting front profile in the 
dry granular bed. 
Advance of the wetting front through stationary deposits. 
Figure 5.16 (a),(b) is a sequence of photographs from a run using large coal grains and wall 
paper size which impacts a stationary grain volume. As it does so the wetting front advances 
through the voids of the now stationary surge and proceeds to saturate the dry deposits. The 
result is a new surge with a greater volume. 
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Figure 5. t 6 (a) : Large coal grain and wall paper past surge encountering stationary deposits at 
the seventh panel. Run 8, [7]. 
Figure 5. t 6(b) : Mobilisation of the deposits. Run 8, [7]. 
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(d) Observation of distinct flow zones within the surge envelope. 
Several zones were identified within the PVC grain and liquid surges and coal slack and wall 
paper size surges. Figures 5.18 (c),(b) are typical photographs which enabled the zonal scheme 
to be established. The eight zones identified have been labelled as zone 1 up to zone 8 and are 
shown in Figure 5.18(a) 
Zone 1 was deposition zone where grains were being transported downwards to the channel bed 
in advance of the other regions of the surge. Grains that impacted with the flume bed would 
lose kinetic energy and then become zone 2. Within zone 1, in the coal slack surges a process 
was identified where it appeared that grains below a certain critical size (near the depth of zone 
2) were transported into zone 2. Grain diameters above this were kept at the surge front. Thus 
as the surge progressed down the flume the larger grains tended to accumulate at the surge 
front. 
Zone 2 was termed the "quasi-stationary" or "internal" bed because grains in this zone had small 
velocities relative to the flume bed. Grains in this zone had a tendency to have small velocity 
components relatiM'e to the channel bed. Grains in this zone exhibited a variety of motions 
including twisting and rolling but grains remained in close contact. The area of zone 2 (viewed 
through the side wall) varied ranging from rectangular to different tapering forms. 
Zone 3 was the termination of zone 2. In this region grains were observed to lift off zone 2 and 
were transported by the interstitial liquid of the tail towards the head to tail interface. 
Zone 4 which formed the greater part of the tail was liquid-like zone in which the grain 
concentration was high but less than that of the body or head where the grains were in close 
touching contact. On some occasions concentrations of grains within the tail would suddenly 
reduce leaving large grain-free regions. 
Zone 5 was an interface between the body and the tail where grains experienced a sudden 
decrease in speed as they were deposited on to the surge body. In some runs grains were not 
deposited but recirculated by the interstitial tail fluid. This was identified most clearly in the 
coal slack and wall paper paste surges. Figure 5.17 is a diagram of what was observed. 
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Figure 5.17 : A diagram showing how grains recirculated at the body/tail interface. 
Zone 6, the body, was a low shear zone where grains experienced slow movements relative to 
one another. The trajectories of grains within this region was generally in a downslope direction, 
roughly parallel to the flume bed. In several runs the body gave the appearance of moving as 
a partially saturated rigid granular block. 
Zone 7, the failure zone, was a thin interface region (less than a grain diameter) between the 
head and body and zone 2. There existed a sudden change in grain speed across this transition 
between the head/body and zone 2. 
'LOne 5 
'LOne 4 
'Lone 3 
zone 8 
Tail 
~head 
Figure 5.18(a) : Diagrammatic representation of the flow zones of a typical surge. 
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Zone 8 within the surge head, was a collapse zone leading into the deposition zone. This zone 
contained grains with significant velocity components normal to the flume bed. 
Figure 5.18{b) : Photograph of typical PVC and water surge, Vg = VI = 4litres, slope = 15 
degrees on which the eight zones were based. 
Figure 5.18{c) : The tail region of the surge in Fig 5. 19(a} above. Grains are eroded off the 
bed at the location marked with an "x." 
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(e) Variation of surge speed with surge distance down the flume. 
All the surges decelerated soon after initiation. A typical graph of surge velocity and 
displacement of a PVC and water surge on a slope of 10 degrees and Vg = VI = 4 litres is 
shown in Figure 5.19. When VI = 5 litres, and other factors constant, the speed of the surge 
remained relatively constant ( 1.1 to 1.2 m!s) over about 3 panel lengths (see Figure 5.20). 
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Figure 5.19 : A typical surge velocity! height displacement graph for a PVC and water surge. 
The slope was 10 degrees. Note that the first reading of surge height is for the initial grain 
deposit height. 
~~.:~:~:-:-;.:..:-~-~~.:.:-;;J 
I:~'~;":~=;:~~~,* 
t~~~:~=iiiff:~~i~}~ 
f:;-· ::-:~ ~:~: =~?::~ :-::--.:-: :-:-: 
i:~:::~{~~',:::a 
1.- .. "," ". ",_". 
";-;-;-._-:-:.:.--:-:"::.:: 
81 
2 0.13 
0.12 
o. 11 
1.S 0.1 
".--... 0.09 
(Jl SURGE SPEED ~ E 
E 0.08 
"-../ 
\J 0.07 Q) 
Q) 
0... 0.06 (Jl SURGE HEIGHT 
Q) 
(J) O.OS L 
L ::J 
::J if) 
if) 0.04 
0.5 0.03 
0.02 
0.01 
0 0 
0 1.S 3 3.5 4.5 5.S 6.5 8 
Surge displacement(m) 
Figure 5.20: A velocity-displacement of a PVC grain surge with Vg = 4 litres, VI = 5 litres. 
The slope was also 10 degrees. 
When coal slack surges were generated using the reservoir pump system and a constant flow rate 
the surges reached an approximately steady velocity with small variations in surge frontal 
velocities. 
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(f) Observation of an internal grain sorting process. 
. Several coal slack surges showed evidence of an internal longitudinal grain sorting process. A 
visual inspection of the surge deposits revealed a noticeable increase in fines within the tail of 
the surge in several runs. When some of these runs were examined on the video tape this sorting 
process could be seen in operation. Several grains instead of moving from the tail to the head 
were recirculated. In run 1 4 [1 0], a sample was taken from the head and tail and a sieve 
analysis was carried out on both samples. Figure 5.21 presents the results of this analysis using 
an unsorted grain size distribution as a comparison. 
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Figure 5.21 : The grain size distributions of head, tail and unsorted samples from the deposits 
of a coal slack and wallpaper size surge. 
(g) The trend for increasing surge height with increases in the initial starting volume of grains 
for a slope of 1 5 degrees. 
Using the funnel initiation system it was found that by increasing the initial grain volume at 
initiation and with Vg : VI = 1 there was a trend for increasing surge height (see Figure 5.21) 
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These runs were carried out for a slope angle of fifteen degrees. 
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Figure 5.22 : The trend for increasing surge height with increases in Vg 
The surge heights are measured near the centre of the 5th panel. The slope was 1 5 degrees. 
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(h) The behaviour of outsized grains. 
A few coal grains were painted white were originally placed on the surface of the grain volume 
prior to initiation. These grains were transported at the surface of the surge and collect at the 
surge front (see Figure 5.23 (a) and (b). Also noted was the shift of the wetting front from 
where it would be without these large grains to a location in their vicinity. 
Figure 5.23 (a) : Transport of outsized grains in a coal slack and wall paper size surge at the 4th 
panel.( Run 23,[11], slope = 10 deg, q = 0.121/s,viscosity = 0.075 Pa-s, Vg = 81, surge 
speed = 0.36 m/s 
Figure S.23(b) : Surge now at the 7th panel. Note the accumulation of the outsized 
grains(painted white) at the surge front indicative of some sorting process taking place. 
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(i) Cross channel variation in the surge front. t 
PV C and water surges generated from 2 1 of PVC grains had a strong variation in the cross 
channel leading edge profile especially in a wider flume (see Figure 5.24). 
(j) A surge creating i own channel. 
Using a 1.5 metre wide channel with a bed of PVC grains it was easily demonstrated that a PVC 
grain and water surge wa able to create its own channel as it moved in a non-linear direction 
down the flume (see also Figure 5.24) 
Figure 5.24 : A PVC and water surge producing its own channel and with a cross channel 
variation in the surge front profile. Flume slope = 1 5 degrees. 
1 This demonstration required the use of a simple metal channel 3m long, O.5m wide. 
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(k) Surge tail length 
In run 5 [7] the volume of starting liquid, VI was increased to 5 litres while VI was kept at 4 
litres. This PVC and water surge had a significantly longer tail than other surges containing 4 
litres. The tail liquid was observed to catch up with the surge front giving the appearance of 
the tail compressing in the downslope direction (see Figures 5.25 (a) and (b)). 
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Figure 5.25 (a): The extended tail of a PVC and water surge on a slope of 10 degrees. 
Run 5 [7]. Note the tail is at least one and half panels in length. 
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Figure 5.25 (b) : The tail of the surge has shortened. Some of the trailing liquid of the surge 
has caught up with the rest of the surge by panelS. 
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(I) Alternate bed or meander-like formation. 
At a slope of about 7 degrees the formation of a meander-like formation was observed as PVC 
and water surges came to rest (See Figure S.26(a) and (b)). This pattern was not seen at slopes 
higher than this. 
Figure 5.26 (a) : Regular alternate bed formation in sample 1, PVC material. The slope was 7 
degrees. 
Figure 5.26 (b) : Alternate/ meander pattern in sample 2, PVC material. The flume slope was 
7 degrees. 
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5.3.4 DISCUSSION 
(a) Comparison to the moving belt surges of Davies (1988) 
The PVC and liquid surges and the coal slack surges were similar in several respects to the 
experimental surges reported by Davies (1988) using a moving belt flume. For instance 
the similarity between the longitudinal depth profile of associated with head-tail surges and 
head-body surges. Other similarities were the main flow zones of the head and the tail, 
the tail surface velocity being greater than the body or head by a factor of about two and 
the dry-wet transition observed between the surge front and the trailing flow. 
In his investigation Davies (1 988) identified three main zones which were termed the slow 
shear, rapid shear and liquid flow zones. The present study identified eight zones including 
a zone of failure between the head and the tail indicating that a laboratory surge may be 
able to be analyzed, under certain conditions, as a rigid unsaturated block. 
(b) Similarities of laboratory surges to debris flow surges in the field. 
Davies (1988) stated that his surges were similar to debris flows in the field in three 
respects. These were the 50 % reduction in surface velocity from head to tail (Suwa et 
al 1985), the depth profiles and the surface appearance of a dry-wet transition between 
the head/body and the tail. 
This investigation extends the list of similarities of laboratory to field surges from three to 
a total of 12. When the flume observations are matched against the field properties 
contained in Table 2. 1. These are: The cross channel variation in the leading edge of the 
surge, the formation of a meander-like pattern, the ability of a surge to erode an 
underlying bed, the ability to mobilise stationary deposits, the ability to transport outsized 
grains within the body and the head to the surge front, a sorting process in which there 
is an accumulation of large grains at the head and a depletion of fines within the tail of 
the surge, the tendency of surge height to increase with surge volume, the ability of a 
surge to create its own channel and propagate along it, the initiation of a surge from a 
stationary granular dam and reservoir. 
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The existence of the wetting front has not, to the author's knowledge, been conclusively 
established in regard to field debris flow in motion. However there is one piece of 
circumstantial evidence that alludes to the existence of the wetting front such as Sharp and 
Nobles (1928) (see Chapter 2, page 27). The authors reported on seeing mud leaking 
through the bouldery matrix of a moving surge. 
Further evidence for the existence of the wetting front was obtained by the author by 
taking measurements of three debris flow lobes (labelled for analysis as nr 1, nr 2, nr 3) 
at Bullock Creek. 
The measurement on each deposit was as follows. A base line was first established by 
positioning a length of 5 mm diameter rope down the centre line of the deposit, from the 
start of the head (x= 0 m) towards the tail. A series of holes were made by removing 
rocks by hand until a layer containing fine silt was reached. It was found that this silt layer 
contained smaller grains less than 30 mm in diameter especially in the head zone. Note 
that the rocks surrounding the hole typically ranged in diameter from O. 1 to 0.3 m 
diameter. A photograph of the side of the lobe was then taken to determine the variation 
of the silt layer surface with distance from the surge head along the base line. Figure 5.29 
shows the lobe nr 1 (a rock hammer of length 0.275 m provides a scale) with the base 
line profile and the silt layer. 
Figure 5.29 : A photograph of nr 1 showing the surge longitudinal profile and the silt 
longitudinal profile. 
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Further details and results of this field work for nr 1, nr 2 and nr 3 are presented in the 
appendices. The results provide qualitative evidence for a correspondence between the 
upper silt surface and the wetting front observed in laboratory runs. 
(c) Observations of laboratory surges unreported in the field. 
This study uncovers a number of observations not reported in the field which is 
understandable because to date no attempt has been made to obtain an internal view of 
the surge head. This would include the mobilising behaviour of the wetting front when a 
surge encounters stationary deposits, the various wetting front profiles such as the surge 
eroding a uniform bed of grains, the internal zone of failure, individual grain motions, the 
lifting of grains from the quasi- stationary internal bed by tail liquid. 
(d) Testing'the hypothesis (a)- that laboratory surges model field surges. 
From the comparison of laboratory surges with field surges it is apparent that there exist 
several features in common. This suggests some support of hypothesis (a) mainly on the 
basis of the quantity of similarities between laboratory and field surges. However an even 
stronger approach is to search for common features that suggest a common MSGD 
explanatory model. These common observations- are discussed below. 
Depth profiles, and the appearance of both laboratory and field surges, are consistent with 
the idea that the surge head/body acts as the moving granular dam with a liquid like tail 
backed up behind it. For example, in the case of field surges the observations of 
Takahashi (1991), Sharp and Nobles (1953) among others, show that the surge depth 
profile has a steepened, head gradually declining in depth. The surge head is often dry and 
rocky in surface appearance compared to the tail which contains a lesser concentration of 
larger grains and appears more fluid. 
Another significant field observation is that the velocity of the head is slower than the tail 
in both laboratory and field surges. For instance in the case of field surges Takahashi 
( 1991) reported, 
For the same depths the stony front part is slower that the following part ... 
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The formation of surges from stationary granular dams, or even natural reservoirs, is 
something that would be expected with a MSGD description and is consistent with it. 
This process has been observed in the these flume experiments as well as in the field 
(Sharp and Nobles (1953), Broscoe and Thomson {1969}, Gallino and Pierson (1984). 
In fact several observers consider this as an explanation of the pulsation phenomenon 
(refer Chapter 2). In view of the MSGD description this can be seen as the periodic 
production of moving granular dams from a location in the channel which would be prone 
to accumulation of rocks. Favourable locations are narrow sections in a channel. 
The other class of observation observed in laboratory and field surges is what appears to 
be the apparent pushing of the surge head downslope by the liquid backed up behind the 
head. Several allusions to this observation in reference to field surges occur in the 
published literature. For instance, Takahashi (1991.) page 11, 
... the forefront again started to move as if it were bulldozed ... 
The wetting front observed in laboratory surges and circumstantial evidence of it in field 
surges, is consistent with the MSGD idea since it represents the extent of penetration of 
liquid from the tail (reservoir) into the head/body (dam). It is analogous to the phreatic 
line in a stationary dam. The observation that the wetting front of a laboratory surge is 
always behind the surge front is consistent with the idea that the moving granular dam is 
not breached. 
The trend for increasing surge height with increasing V g or starting volume of granular 
material is consistent with the idea of a MSGD. Higher moving granular dams are 
expected if V g is increased since the height of the stationary granular dam prior to 
initiation is also increased. This volume height relation seems to be the case for natural 
surges as well. The field data available to the author was sparce but there some evidence 
for a surge volume to height correlation. For example, Niyazov and Degovets (1975) 
reported on a surge that took place on 15th July 1973 which was 15 m in height and 
reportedly had a volume about 2-3 million cubic metres. In contrast smaller surges such 
as those reported at Bullock Creek reach up to a metre or so in height. 
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In the set A runs the surge height varied little once the granular had collapsed and a 
distinctive surge had formed, despite large velocity changes. Such a result is inconsistent 
with other empirical models which use a power law suggesting velocity is related directly 
to the surge height. However this observation is consistent with the idea of a MSGD 
because the dam part, being "block-like" the would allow a continuous range of surge 
speeds though the surge height in principle may remain constant. There is some field 
evidence that supports this. Takahashi (1991), pg 16 stated, 
But the velocity changed even at the same position and for the same depth depending on 
the content of large particles .. 
In addition his graph of Fig 1. 1 5 for bouldery flows showed that several surges can all 
have approximately the same height of 3 m yet ranging in speed from 12 to 1 7 m/s. 
Finally the graph of Figure 5.21 was evidence that a grain sorting process is taking place 
in the coal grain surges similar to that observed in the field (Suwa et al 1985). 
(e) A preliminary attempt to construct an experimentally testable MSGD model derived 
from observations of laboratory surges. 
In order for hypothesis (b) to be adequately tested a more detailed MSGD model is 
required. Fortunately the experiments enabled a preliminary MSGD conceptual model 
to be developed based on the surge head andlor body acting as the moving dam with 
the tail as the moving reservoir. 
Under appropriate conditions the surge head-body could act as a granular block being 
driven down an incline by the pressure distribution from the hydraulic head whether 
hydrostatic or otherwise, possible momentum exchange from deposition at the head and 
by tail material impinging on the head-body, and by the gravity force. The idealised 
conceptual model is presented in Figure 5.29 below. 
Loss of momentum from head 
to boundary by deposition 
Head transfers momentum (less) to Tail 
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Figure 5.29: A MSGD granular block model of a debris flow surge with kinetic effects 
included. 
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The resistive force is the basal granular friction force acting on the block. A Mohr-
Coulomb expression for the friction force is used. 
The role of the wetting front in the model appears to be that of maintaining an 
unsaturated zone in the surge head which is likely to contribute high upslope frictional 
stresses along the base of the granular block. The presence of the wetting front may then 
be seen as reflecting the surge's ability to slow down its speed because of the presence of 
the unsaturated zone. 
Now as was already stated, laboratory surges possess two main kinetic effects affecting 
the granular dam of the head and tail. The kinetic effects are the deposition at the leading 
edge and the impact of grains on the head or body to tail interface. A simple model can 
be derived if the following assumption is made. That the loss of momentum at the head 
as grains are being deposited is significantly offset by the gain in momentum at the tail 
interface. 
Granular surface 
Wetting Front 
I 
high shear zone 
] :¢==J 
GRAVITY FORCE I 
HYDROSTATIC FORCE 
bed 
FRICTION FORCE 
Figure 5.30 : The simplified granular block surge model to be used in the analysis. 
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One logical consequence of this simplifying assumption is that a surge in equilibrium ie one 
that is moving with a steady velocity down a slope should experience a balance of forces 
of the dam given by, 
[5.1] Ff 
where Ff, Fg, Fh, are the frictional, gravity and hydrostatic forces on the moving dam part 
of the surge. If the net frictional force is less than the sum of the terms of the right hand 
of equation 5.1 then the surge will accelerate. Conversely if Ff is greater than the sum of 
these two terms the surge will decelerate. 
P!i~~:¥~,~.;!:~:~ 
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5.4 SET B EXPERIMENTAL RUNS- TESTING HYPOTHESIS (b). 
5.4.1 INTRODUCTION 
The purpose of these experimental runs is to test the hypothesis that laboratory surges can be 
analyzed using a MSGD model. 
Initially it was considered that to test hypothesis (b) a series of f1ume~ runs could be carried 
out which would then provide a set of behavioural observations which could be tested for 
consistency with the idea of the moving shearing dam model. However this observational data 
would provide a case for hypothesis (b) resting only on qualitative e);{perimental evidence. This.se-
observations include the wetting front, ~the trend for higher dams from a larger vol~me of 
material for'initiation. Far better support for the hypothesis would be via a quantitative test. 
Fortunately a simple analytical test can be set up based on the previous discussion of the 
simplified MSGD surge model of the preliminary experiments. The analysis is simple if steady 
state surges can be generated and equation 5.1 verified. The MSGD surge model suggests that 
under suitable conditions where the surge conformed to the ideal model of a failed granular 
block moving at a constant speed would simplify an equilibrium analysis. The preliminary 
experiments reported in section 5.3 provided a conceptual model of a surge which in the ideal ...... ' 
case could be treated as a failed granular block acted on by the downslope forces of gravity and 
by hydrostatic contributions from the wetting front but resisted by a net frictional force upslope. 
This model is amenable to simple strip analysis in which theoretically, the net shear stress per 
unit width for the surge should sum to zero, for a steady state surge. It was decided to use this 
method of analysis as described below. Such an analysis would also clarify whether forces 
associated with the deposition at the surge head, or kinetic effects from tail liquid impacting on 
the surge body or head are required in order to achieve a balance of forces for a surge in 
equ i1ibrium. 
!~~~~~~;:~; ~;~'·;-:-.:~~::~.i 
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5.4.2 SLICE ANALYSIS FOR THE ESTIMATION OF THE AVERAGE SHEAR STRESS IN 
COAL SLACK AND WALL PAPER SIZE SURGES. 
Preparation of a surge image for the analysis. 
For a given analysis the surge outline as well as the corresponding wetting front profile, were 
traced from photographs of video stills of steady state surges produced by the reservoir-pump 
system. These were enlarged and graph paper was superimposed on these photocopied images. 
The surge head profile was then divided into a number of strips normal to the slope surface (see 
Figure 5.31) 
HEAD 
A 
NOTE: 
1('-11-- H 
I 
I 
BODY 
B 
The calculation of the shear stress was calculated along the failure zone from A to B. 
The height of any strip is represented here as a broken line. 
Figure 5.31 : A schematic diagram illustrating the strip analysis method. 
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The calculation. 
A simple slope stability method was used. The surge head\body was divided up into equally 
spaced slices along the line of failure. The inters lice forces were assumed to be negligible if a 
rigid granular block is assumed. The height of each strip and the wetting front were both 
measured from the base of the low shear zone adjacent to the high shear zone. The straight line 
parallel to the slope and representing the zone of failure within the head and body was 
established by viewing the video of the specific surge in motion. The total area and fractions 
of strip area were determined by counting 2 mm by 2 mm squares. 
The shear stress, T, at the base of each strip was evaluated using the following equation. 
[5.2] T = a tan ¢ - PlgH sin e 
110("",1 
where u, ¢, PI' g, H, e are respectively, the effective"stress, the dynamic friction angle, the 
density of the interstitial liquid, the gravitational acceleration, the height of the strip, and the 
slope angle. 
This can be rewritten as, 
[5.3] T = PI g H(Cos e Tan ¢ - sin e) - P g HI Tan ¢ cos e 
A positive value rewmed by this equation indicates a net upslope stress while a negative value 
represents a stress acting downslope. HI is the wetting front height. The average bulk density of 
the strip estimated using, 
[5.4] 
where Pus, PSI Aus, As are the unsaturated and sawrated bulk densities and areas of a given strip. 
These densities were measured by using direct weighing of a given volume of coal samples and 
found to be (745 ± 20) kg m-3 and (1125 ± 20) kg m-3 respectively. 
~~~:.':;:~~~~.::;:.;.::..:.:.;:~::~ 
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Various values of dynamic frictional angle were tria lied to try and achieve the postulated 
balance of forces (in this case the net basal stressesl per unit width) as described by equation 
[5.1]. The net shear stress per unit width on the surge head was then obtained by summing the 
contributions from each strip. 
5.4.3 PROCEDURE FOR THE SHEAR CELL TESTS (refer to Figures 5.6, 5.7 pages 61, 62). 
The main purpose of these tests ~ to establish graphs of shear stress against normal stress for 
a fixed rate of shear in order to obtain values for the dynamic internal friction angle of the 
shearing material. 
A typical sequence of tests involved the following. The lower disk was raised, the motor was 
switched on to a rate of shear comparable to surge frontal speeds. To estimate the rate of shear 
the tangential speed of the lower disk assembly was measured by a digital tachometer applied 
to the upper rim of the outer side wall frame and an average reading taken. While the upper 
disk made no contact with the lower disk the chemical balance was zeroed to subtract out the 
torque due to friction associated with the drive shaft rotation. 
Coal slack (with a grain size distribution similar to that shown in Figure 5.4) was laid to a depth 
of about 2 cm. To approximate the conditions within the surge two types of test were carried 
out. These tests consisted of a partially saturated test and a fully saturated test. In the first test 
wall paper size having a viscosity close to the that used in the flume runs was poured over the 
coal slack bed and allowed to completely drain. In the second series of tests the wall paper size 
was poured over the coal slack so that it was completely submerged. Care was taken to ensure 
that when the lower disk was lowered into place it too was immersed. 
To begin a test a 0.45 kg weight was placed on the upper disk resulting in the disk moving 
down and making contact with the coal slack. An averaged shear stress reading was then taken. 
Further tests were then undertaken by increasing the load on the upper disk in steps of 0.45 kg 
up to 1.8 kg. The maximum normal load was kept sufficiently low to prevent individual grains 
of coal from crushing and preventing coal or gravel glued to the friction disks from lifting. 
During the tests it was noted that the upper disk sometimes tended to lock from grain jamming. 
The disk was freed lJ,y raising it and then lowering to make contact with the coal slack again. 
The vertical position of the upper disk varied by a few millimetres indicating that the solid 
t~~F:~;~;)f~ij:: 
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concentration was approximately constant. 
The average normal and shear stresses, applied to the coal slack sample were calculated using 
the equations of Savage and Sayed (1984). The average normal stress is, 
[5.5] a = NI rr(R/ _ ~2) 
where N is the net applied weight , Ra, ~ are the outer and inner radii of the lower disk 
assemblies respectively. The torque, T, at the upper surface of the flow, assuming the shear 
stress is uniform is given by, 
[5.6] T = 3T I [2rr(~3 - Ra3)] 
where T is the torque of the upper disk. T is obtained from the product of the radius of the 
torque arm and the force measured by the chemical balance. . 
As Savage and Sayed point out, centrifugal forces are obviously present in this type of test and 
should therefore increase with radius altering the average shear stress. However these authors 
presented an approximate analysis which showed that the average shear stresses generally 
differed by no more than 1 to 2 %. Since the tests described here use a similar type and size 
of shear cell it is assumed here that the centrifugal effects are also negligible when calculating 
the average shear stress. The small depth of shear of 2 cm used in these tests ensured that 
shearing took place over the whole depth. 
Once results for shear and normal stress were obtained a graph was drawn and the slope of the 
line of best fit through the experimental points enabled the dynamic friction angle of the coal 
slack to be estimated. 
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5.4.4 PROCEDURE FOR THE FLUME TESTS. 
Grains were deposited behind the gate. The flume was raised to a given slope angle. The pump 
was then switched on to give a constant flow. Once the grains were saturated the gate was 
released and the surge was filmed as the surge moved down the flume. 
.-.-.'<.-. -' .. 
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5.4. 5 RESULTS. 
(a) Dynamic frictional angle of coal slack 
A typical graph of shear stress versus normal stress of a test run, in this case run I, an undrained 
test is shown in Figure 5.32 below. In all four runs the tangential speed of the ring shear cell 
was 0.33 m/s and the viscosity of the wall paper paste was 0.15 Pa-s. The actual results for the 
dynamic friction angles are displayed in Table 5.1. Further results of these tests are to be found 
in the appendices. 
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Figure 5.32 : A typical shear stress versus normal stress graph for coal slack material. 
RUN 1 RUN 2 RUN 3 RUN 4 
36 .±. 7 degrees 40 .±. 9 degrees 42 .±. 10 degrees 35 .±. 7 degrees 
Table 5.1 : Dynamic friction angle results. 
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(b) The net shear stress per unit width on the surge head. 
A total of fifteen strip analyses with varying wetting front profiles, flow rates and surge volume, 
and slope angle were carried out. Surge characteristics and the net stress per unit width are 
presented in Table 5.2 below. The error associated with the net stress on the surge head was 
estimated from a standard error analysis using a spreadsheet and was found to be ± 0.02 kPa. 
The number of the video tape referred to is in square brackets, ie. [9] is video tape 9. 
As a typical example from the set of analyses, a photograph of the surge of Run 1 recorded 
on video tape 9 (see Figure 5.33) was analysed using a strip analysis on the surge head. A 
spread sheet printout of this strip analysis is given in Figure 5.34. Figure 5.35 shows the 
variation of basal stress per unit width along the head and body failure zone. 
The other fourteen analyses and corresponding photographs of the surges are presented in the 
appendices. Note that the first thirteen surges travelled with steady speed while the last two 
were decreasing in speed. 
The calculations show that when a dynamic friction angle of 40 degrees was used the net shear 
stress per unit width was close to zero within the bounds of the error. Varying the friction angle 
either above or below this value significantly altered this result. 
Figure 5.33: Photograph of the coal slack and wallpaper paste surge used in analysis 1. The 
surge moved at 0.32 m/s on a slope of 15 degrees. 
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Symbols: 
h- height of the strip ( 2mm div), H- scaled height of the strip, Hl- strip wetting front height, Ad unsaturated area (in 
2mm by 2 mm), Aw- saturated area strip, At- total area strip, P-bulk density of the strip, T-Stress per unit width for 
each strip. 
FILE: STRESS 1 
run 1,[9] slope 15 deg ave error 
strip no h H P T err T 
1 1 0.007692 745 0.031001 0.005071 0.014852 
2 3 0.023077 745 0.093004 0.007151 ***** 
3 5 0.038462 745 0.155006 0.009232 Tav(kPa) 
4 7 0.053846 862.931 0.129178 0.012182 0.006685 
5 8 0.061538 960.3333 0.07533 0.014 ***** 
6 9 0.069231 973 0.058944 0.015201 Tave(sat) 
7 10 0.076923 980.2381 0.071899 0.016364 -0.1749 
8 10 0.076923 989.8889 0.014824 0.016443 
9 10.5 0.080769 1016.429 0.016471 0.017219 
10 11 0.084615 1029 -0.01772 0.017884 
11 11 0.084615 1049 -0.03911 0.018054 
12 11 0.084615 1069.583 -0.06023 0.018228 
13 11 0.084615 1093 -0.1106 0.018427 
14 11 0.084615 1117.083 -0.16067 0.018631 
15 11 0.084615 1125 -0.15705 0.018698 
stresses for 
complete saturation (kPa) 
1 -0.03391 
2 -0.10174 
3 -0.16957 strip No Ad Aw At Pav(kglm3) 
4 -0.19486 4 10 4.5 14.5 862.931 
5 -0.18258 5 6.5 8.5 15 960.3333 
6 -0.19946 6 8 12 20 973 
7 -0.21792 7 8 13 21 980.2381 
8 -0.21297 8 8 14.5 22.5 989.8889 
9 -0.20933 9 6.5 16.25 22.75 1016.429 
10 -0.21204 10 6 17.75 23.75 1029 
11 -0.2007 11 4.75 19 23.75 1049 
12 -0.18904 12 3.5 20.5 24 1069.583 
13 -0.17575 13 2 21.75 23.75 1093 
14 -0.16178 14 0.5 23.5 24 1117.083 
15 -0.16178 15 0 24 24 1125 
V ARIA nON OF T with friction angle. 
Friction angle = 30 ,T(kPa)= - 0.0486 
Friction angle = 35 ,T(kPa) = - 0.0228 
Friction angle = 40 ,T(kPa) = 0.0228 
Wetting front height 
Strip HI(m) 
4 2 0.015385 
5 4 0.030769 
6 5 0.038462 
7 5.5 0.042308 
8 6.5 0.05 
9 7 0.053846 
10 8 0.061538 
11 8.5 0.065385 
12 9 0.069231 
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Figure 5.34 : A typical speadsheet printout of the analyses, in this case analysis 1. 
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Figure 5.35 : A graph of the net shear stress per strip versus the number of the strip for run for 
run 1 [9], including the hypothetical case of complete saturation of the surge head. 
~~~:i:;~;-.:~:.~~~_:::;~ 
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Run slope Viscosity Flow Grain 
No. (deg) (Pa-s) Rate vol, 
Analysis (lis) Vg(l) 
number. 
1 1a [9] 15 0.125 0.10 8 
2 1b [9] . 15 0.125 0.10 8 
3 3 [9] 15 0.125 0.10 8 
4 7 [9] 15 0.125 0.10 16 
5 2 [9] 15 0.125 0.10 8 
6 18 [10] 20 0.075 0.12 8 
7 4 [9] 15 0.125 0.1 8 
8 6 [9] 15 0.125 0.1 8 
9 8 [9] 15 0.125 0.1 8 
10 20 [10] 10 0.075 0.12 8 
11 5 [10] 15 0.10 0.087 8 
12 17 [10] 20 0.075 0.12 8 
13 2 [10] 20 0.10 0.29 8 
14 6 [11] 15 0.14 V= 31 I 4 
15 7 [11] 15 0.14 V =31 I 4 
Table 5.2 : Summary of the strip analyses. 
Surge 
vel 
(m/s) 
0.31 
0.31 
0.31 
0.31 
0.31 
0.36 
0.31 
0.31 
0.31 
0.36 
0.36 
0.36 
0.63 
0.42 
0.36 
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Net shear 
stress/m on 
the surge 
head 
(kPa) 
0.01 ± 0.01 
0.00 ± 0.02 
0.00 ± 0.02 
0.00 ± 0.03 
0.00 ± 0.01 
0.00 ± 0.01 
0.00 ± 0.01 
0.00 ± 0.01 
0.01 ± 0.02 
0.00 ± 0.03 
0.00 ± 0.02 
0.00 ± 0.02 
0.00 ± 0.02 
0.03 ± 0.02 
0.05 ± 0.02 
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5.4.6 DISCUSSION 
(a) Testing hypothesis (b)- that laboratory surges can be analyzed as MSGDs. 
Fifteen strip analyses were performed on coal slack and wall paper size surges with varying 
volume, slope angle, viscosity, and flow rates. Table 5.2, summarises the experimental 
conditions and the results of the analyses. 
An estimation of the total error for each net stress result estimate was based on a standard error 
analysis using the absolute. errors associated with the surge density, strip heights and the slope 
angle. These were respectively ; ± 20 kg m-3, ± 1 mm, ± O. 5 degrees. 
The analyses of runs 1 to 13 (see Table 5.2) showed that the net stress per unit width on the 
surge head was, within the margin of error close to zero within the bounds of the associated 
error. These results are therefore consistent with equilibrium surges as described by the 
simplified MSGD model. This therefore provides support for hypothesis (b) that laboratory 
surges can be analyzed as MSGDs. 
A surprise finding was that even in surges with extensive shearing in the head region on the 
higher slopes of 20 degrees, the strip analysis still yielded a zero net stress per unit width. 
The purpose of the ring shear tests were an attempt to independently check the validity of using 
40 degrees as the dynamic friction angle in the analyses. The ring shear results did give results 
consistent with 40 degrees. However the associated error was quite high. The large error may 
be related to the artificial nature of the ring shear tests in simulating what happens between the 
low shear region and the zone of failure because the top disc of the ring shear cell was a rigid 
boundary. In contrast the situation is quite different in a moving surge where grains are free to 
move between the low shear zone and the zone of failure. 
As a further check on the model, analyses of the two runs 6,7 recorded on video tape [11] 
involving returned significant net upslope stresses suggesting that the basal frictional stress , is 
greater that\ the sum of the total downslope gravity and hydrostatic stresses. This result was 
initially thought to be consistent with the observation that both of these two surges were 
decelerating. However the the measured deceleration of the surges did not agree with that 
predicted from the analysis. For example in analysis 1 5 the measured deceleration was about 
,- "-:-"-,,"> .-~.'.- '- . 
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0.03 m/s2 while the predicted deceleration (estimated using Newton's second law of motion) 
was 0.9 m/s2• The likely explanation is that the simple MSGD model of a granular block does 
not apply and that kinetic effects from the tail impacting the body Ihead are important and need 
to be considered. 
Nevertheless the above results wth the exception of runs 14 and 15 are consistent with the 
simplified MSGD model and provide supporting evidence for hypothesis (b). 
(b) Implications of the strip analysis to understanding laboratory surges. 
Several implications arise as a result of the strip analysis. For steady state surges the analysis 
suggests that the effects of possible momentum delivery by tail material to the head or body are 
negligible. This confirms the validity of the simplifying assumption in which the momentum 
effects of deposition at the head and the impact of material on the body-tail interface offset one 
another. This is not to say that in non-steady state surges the momentum delivery of the tail to 
the body or head will similarly be small. It will need to be taken into account when there is an 
unsteady supply of liquid to the surge. 
The most important implication of the analysis is the vital role of the wetting front in providing 
the essential upslope friction stresses which help to keep the surge as a coherent dam structure. 
which restrains the surge as it moves down an inclined slope. It would appear from the set B 
runs that a necessary condition for a surge to maintain equilibrium is that there must exist a 
steady inflow of liquid to the tail of the surge. This "topping up" of the liquid in the tail ensures 
a constant hydraulic head ensures that a steady wetting front is maintained. 
An explanation of the velocity variation of the non-equilibrium surges of run A in terms of the 
MSGD model can also be made. Surges that are created from a fixed volume of liquid is 
released on to a fixed volume of grains are non-steady state surges primarily because there is 
an initial momentum of the impacting liquid, or when the granular dam breaks would provide 
an extra downslope driving force on the surge body and head. The velocity of the liquid 
impacting the granular dam will decrease because of drag effects especially on the channel floor. 
This velocity reduction of the tail liquid would thereby decrease the postulated momentum 
delivery to the body and head. Thus further down the channel as kinetic energy of the tail liquid 
wanes the surge should approach equilibrium provided there is little loss in tail liquid. Such an 
~~;~-~:~.;-.~~--~~ \~:·-=~~~i 
~:t;'''":~~ 
~iiSiiI~E~~J 
tf.·~·;.·i#i~~:l 
I 
I 
110 
explanation may account for the characteristic decrease in surge frontal speed with flume 
distance depicted in the graphs of Figures 5.19 and 5.20. Also analyses which assumed a 
completely saturated head never gave a force balance; it always gave a net downslope force 
implying an accelerating surge. 
In addition a significant loss of liquid from the tail region means a retreat of the wetting front 
and an increase in the unsaturated region of the head. This is especially in the case of surges 
containing more viscous liquids where there is greater deposition of the liquid on the channel 
floor or walls. 
Even with extensive shearing in the head region especially on slopes of 20 degrees, the strip 
analysis gave zero net stress. The implication is that the analysis of equilibrium surges is not 
dependent on surges exhibiting ideal granular block behaviour as in the simplified MSGD model. 
What is important is that at a given instant in time the surge can be macro-scopically analysed 
by treating the surge head and body as a granular block with frictional, gravity and pressure 
forces act on the failure surface. 
(b) Possible implications of the strip analysis to field surges. 
The insights obtained from the strip analysis of the laboratory surges might be extrapolated to 
the field. The first thing that is apparent is that most field surges are likely to be in a state of 
non-equilibrium with decreasing velocities as they move down a slope. 
An important implication is that surge runout and velocity variation down a natural slope can 
be attempted either numerically or by experimental simulation for any specific site. However the 
relevant field data would need to be obtained. A good candidate for this would be the 
Kamikamihore River, (see Chapter 2) where there already exist a set of reliable data (Takahashi 
1991 ) . To carry out a series of analyses requires such field measurements as the channel 
topography, wetting front profiles, the location of the failure zone in the surge, the dynamic 
frictional angle of the granular material, the bulk densities of the head, body and tail, and the 
variation in liquid loss from the head. 
Despite the lack of the above field data it is possible to obtain a rough estimate of the maximum 
bed shear stress using the following method. If the laboratory surge is essentially a geOmetrically 
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scaled down model of the field situation then a laboratory surge profile could be used. 
To calculate a field estimate of the above two quantities, consider for example, a Bullock Creek 
surge. Pierson (1980) stated that field surges can move on slopes of around 6 degrees. The 
density of the surge material (presumed to be fully saturated) was said to range up to 
2130 kg m-3• The surge height was also measured and found to be of the order of 1 m. 
Consider also the present run 23 [10] which was a coal and wall paper size surge (see Figure 
5.37), which moved at a steady speed down a slope of 6 degrees. This surge is then 
geometrically scaled up by a factor of 25 in terms of the surge height1• This scaling makes the 
assumption that the surge profile, wetting front profile and the location of the failure zone are 
exactly the same as the hypothetical Bullock Creek surge. 
Figure 5.36 : A coal slack and wall paper surge (V g = 8 litres, flow rate = 0.08 litres per sec, 
viscosity = 0.075 Pa-s, Run 23[ 10] moving at 0.23 m/s on a slope of 6 degrees. 
The profiles are obviously not identical but nevertheless the photograph of the Bullock Creek 
surge deposit, nr 1 (See Figure 5.29, page 92) on a slope of around 6 degrees, shows some 
similarity in form to the above laboratory surge in terms of the snout and wetting front profile 
and the scaling process is thus not entirely unjustified. Figure 5.36 shows an estimated variation 
in the basal stress for this hypothetical field surge. The peak basal shear stress for the 1 m high 
1 Davies (1994) has attempted a dynamical scaling procedure for coal and wall paper paste laboratory 
surges. 
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surge is about 4 kPa2• The assumption in the analysis is that a geometrical scaling can give a 
reasonable indication of the basal stress in a field surge. 
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Figure 5.37 : A graph of the estimated variation in the shear stress for a field surge based on 
the coal slack and wall paper size surges acting as a model. The only change is in the bulk 
density of the fully saturated and partially saturated head regions. 
2Fig 5.37 suggests an accelerating surge yet the field surge actually came to rest on a slope of 6 degrees. 
This difference can be explained on the basis that the scaling was only geometric, not a dynamical scaling and the 
interest was only in obtaining an approximate estimate of the peak stress. 
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CHAPTER SIX 
7.1 CONCLUSIONS. 
As a result of this experimental investigation the following conclusions were reached. 
(a) There is support for-the main hypothesis of the thesis that field debris flow surges can, 
in principle, be analyzed in terms of a MSGD. 
(b) The similarities between laboratory and field surges provide support for 
hypothesis (a) that a laboratory surge models a field surge. 
(c) A number of similarities between laboratory and field surges suggests there exists a 
common MSGD explanatory model. 
(d) A simplified MSGD model can be constructed. 
(e) Support exists for hypothesis (b) that a laboratory surge can be analyzed using a 
MSGD model. 
(f) There exist observations of laboratory surge features that have not been reported in 
the field. 
(g) The wetting front plays a significant role in controlling the motion of a laboratory 
surge. 
(h) The wetting front may also be important in controlling the downslope motion of a 
field surge. 
(i) Form and behaviour of debris flows can be interpreted on the basis of the MSGD 
description. 
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7.2 FUTURE WORK. 
To extend the present investigation there are essentially three approaches. Firstly the 
hypothesis can be further tested by comparison with either the results in the field or by 
flume experimentation. One suggestion would be to definitively confirm the existence of 
the wetting front in a field surge. Secondly the hypothesis could be developed so that 
more details are incorporated and tested within a flume. Thirdly the hypothesis in 
conjunction with more detailed analyses could be used to both qualitatively and 
quantitatively interpret¢ existing field observations. Some examples of this would include 
: the formation of levees, grain sorting in the longitudinal direction, behaviour around a 
bend in the channel, surge run out, and behaviour ,on fans. 
t~~~~~~ ;;~~~~:;:~:7~~~::~~' 
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APPENDICES 
1. BULLOCK CREEK DEPOSITS. 
A photograph showing the area where nr 1, nr 2 and nr 3 were found is shown in Figure a 1 
below. The area is about 300 to 400m upstream along Bullock Creek from Lundy Road in 
the Mt Thomas forested area. Note the large boulder referred to in Figure 5.28, page 91 
and the view is upslope tow~rds nr 1 which can be seen on the right of the main channel. 
Figure a 1 : Photograph of the area where the deposits were found. 
The field results to determine the silt longitudinal profile for nr 1, nr 2 and nr 3 are shown 
below. A photograph of the top surface of nr 1 showing the holes used to probe into the 
deposit to locate the silt layer is shown in Figure a2. Photographs of nr 2 and nr 3 together 
with the estimated silt profiles superimposed on these photographs are shown in Figure a3 
and a4. Note the rock hammer seen in the photographs has a length of 275 mm 
Date of field study 
(4110/91) 
BULLOCK CREEK DEPOSITS 
ESTIMATE OF HEIGHT OF SURGE HEADIBODY DEPOSITS 
NR 1 0.9 m 
NR2 1m 
NR 3 1.2 m 
distance 
from the surge head 
m 
0.75 
distance 
1.2 
2 
2.5 
3.4 
from the surge head 
m 
0.5 
1.1 
2.3 
3.85 
5.28 
6.76 
8.38 
distance 
from the surge head 
m 
0.66 
1.26 
2.21 
3.35 
4.62 
5.88 
RESULTS FOR Dr 1 
RESULTS FOR Dr 2 
RESULTS FOR Dr 3 
m 
m 
distance to the silt 
layer from the top of the surge 
m 
0.3 
0.25 
0.18 
0.15 
0.1 
distance to the silt 
layer from the top of the surge 
0.25 
0.23 
0.25 
0.2 
0.2 
0.2 
0.2 
distance to the silt 
layer from the top of the surge 
0.3 
0.25 
0.3 
0.23 
0.2 
0.2 
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Figure a3 : Photograph of nr 2. 
Figure a4 : Photograph of nr 3. 
2. THE RING SHEAR RESULTS. 
Symbols: 
avg: average 
Std: standard deviation 
rei: relative error based on 1 standard deviation. 
Tach: Tachometer reading- measured as a speed on the rim of the ring cell. 
Run l:ring1.wq! saturated 
viscosity = O.oI5 kPa 
TACH: 0.33 mls 
Torque readings Kg Torque readings Kg 
For normal load 0.45Kg For normal load 0.9Kg 
0.24 0.466 
0.26 0.522 
0.245 0.609 
0.219 0.621 
0.265 0.512 
0.2458 avg 0.614 
0.016265 std 0.557333 ave 
0.066173 rei 0.048102 std 
0.086308 rei 
Torque reading kg Torque readings Kg 
For normal load 1.35 Kg For normal load 1.8 Kg 
0.737 0.812 
0.72 0.828 
0.618 0.746 
0.697 0.708 
0.949 0.811 
0.72 0.835 
0.643 0.787 
0.772 0.882 
0.801125 ave 
0.732 avg 0.050667 std 
0.094303 std 0.063244 rei 
0.128829 rei 
Normal stress Shear stress 
kPa 
0.159 
0.3186 
0.478 
0.637 
kPa 
0.142072 
0.322139 
0.423096 
0.46305 
Run 2: file ring2.WQ! 
viscosity = 0.015 kPa 
drained test 
Torque readings Kg 
error 
0.009401 
0.027803 
0.054507 
0.029285 
Torque readings Kg 
For normal load 0.45Kg 
0.123 
For normal load 0.9Kg 
0.213 
0.276 
0.127 
0.25 
0.16 
0.1872 
0.063741 
0.340499 
avg 
std 
rel 
0.24 
0.228 
0.202 
0.265 
0.174 
0.220333 
0.031346 
0.142265 
ave 
std 
rei 
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Torque reading Kg 
For nonnalload 1.35 Kg 
0.501 
0.374 
0.435 
0.528 
0.423 
0.495 
0.518 
0.414 
0.461 
0.052906 
0.114763 
avg 
std 
reI 
Nonnal Shear stress 
kPa 
0.159 
0.3186 
0.478 
0.637 
Run 3: RING3.WQ! 
Torque readings Kg 
For nonnal load 1.8 Kg 
0.79 
0.739 
error 
kPa 
0.108202 
0.127353 
0.266458 
0.466735 
0.809 
0.722 
0.763 
0.889 
0.856 
0.892 
0.8075 ave 
0.06167 std 
0.076372 reI 
0.036843 
0.018118 
0.030579 
0.035646 
viscosity = 0,015 kPa Tach = 0.33m1s 
drained test 
Torque readings Kg 
For nonnalload 0.45Kg 
0.167 
0.172 
0.132 
0.216 
0.172 
0.1718 avg 
0.026686 std 
0.155334 reI 
Torque reading Kg 
For nonnal load 1.35 Kg v 
0.614 
Normal stress 
kPa 
0.159 
0.3186 
0.478 
0.568 
0.662 
0.503 
0.622 
0.74 
0.63425 avg 
0.069826 std 
0.110092 reI 
Shear stress error 
kPa 
0.0993 
0.29083 
0.366597 
Torque readings Kg 
0.015425 
0.083511 
0.040359 
normal load 0.9Kg 
0.541 
0.357 
0.469 
0.77 
0.401 
0.481 
0.503167 ave 
0.144482 std 
0.287145 reI 
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Run 4: file ring 1 
viscosity = O.ot5 kPa 
total immersion test 
Torque readings Kg 
For normal load 0.45Kg 
0.236 
0.244 
0.3 
0.364 
0.365 
0.364 
0.312167 ave 
0.048578 std 
0.155616 reI 
Torque readings Kg 
For normal load 0.9Kg 
0.488 
0.519 
0.56 
0.551 
0.526 
0.511 
ave 
std 
0.525833 
0.018874 
0.035894 reI 
tachometer reading = 0.33 mls 
Torque reading Kg Torque readings Kg 
For normal load 1.35 Kg 
0.716 
0.766 
0.76 
0.764 
0.749 
0.677 
0.756 
0.741143 avg 
0.030531 std 
0.041194 reI 
Normal stress 
kPa 
0.159 
0.3186 
0.478 
0.637 
Shear stress 
kPa 
0.180432 
0.303932 
0.428381 
0.468015 
0.819 
0.845 
0.796 
0.794 
0.845 
0.729 
0.84 
0.809714 ave 
0.038625 std 
0.047702 reI 
error 
0.028078 
0.010909 
0.030531 
0.022325 
For normal load 1.8 Kg 
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Figure as : Graph of shear stress versus normal stress for run 2. 
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Figure a6 : Graph of shear stress versus normal stress for run 3. 
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Figure a7 : Graph of shear stress versus normal stress for run 4. 
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3. PHOTOGRAPHS OF THE SURGES USED IN THE ANALYSES 
Figure as : Photograph of the surge used for analysis 2. 
Figure a9 : Photograph of the surge used for analysis 3. 
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Figure a 1 0 : Photograph of the surge used for analysis 4. 
Figure a 11 : Photograph of the surge used for analysis 5. 
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Figure a 12 : Photograph of the surge used for analysis 6. 
Figure a 13 : Photograph of the surge used for analysis 7. 
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Figure at 4 : Photograph of the surge used for analysis 8. 
Figure at 5 : Photograph of the surge used for analysis 9. 
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Figure a 16 : Photograph of the surge used for analysis 10. 
Figure a 1 7 : Photograph of the surge used for analysis 1 1. 
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Figure a 18 : Photograph of the surge used for analysis 12. 
Figure a 19 : Photograph of the surge used for analysis 1 3. 
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Figure a20 : Photograph of the surge used for analysis 1 4. 
Figure a2 t : Photograph of the surge used for analysis 1 5. 
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4. SPREADSHEEET PRINTOUTS OF THE ANALYSES. ~.; .. ::~-;:.:~:~~~;~~~.:;.:.~~-: t;~~;g~;~~;~~~J 
ANALYSIS 2: 
FILE: STRESS2 
RUN 5 PHOTO 5/AA TAPE 10 
units of h-*2mm 
units of A- *4mm2 STRIP HEIGHT STRESS 
strip no h H(m) P(kglm3) T(kPa) erT erTav 
1 0.008333 750 0.033504 0.005139 0.021142 
2 2 0.016667 750 0.067008 0.006257 **** 
3 3.5 0.029167 750 0.117263 0.007935 
4 4.5 0.0375 750 0.150767 0.009053 Tav(kPa) 
5 5 0.041667 750 0.167519 0.009613 -0.00382 
6 5.5 0.045833 814 0.131477 0.019 **** 
7 7 0.058333 881.8 0.070185 0.021528 Tav (sat)(kPa) 
8 8 0.066667 884 0.110363 0.022703 -0.143 
9 9 0.075 903 0.054714 0.024251 Variation in T 
10 9.5 0.079167 935 0.054204 0.025174 Tav(30)= -0.0486 
11 10 0.083333 935 0.040829 0.02584 Tav(35)= -0.0173 
12 10 0.083333 929 0.00389 0.025869 Tav(45)= 0.042 
13 10 0.083333 966.6 -0.08209 0.02642 for different 
14 10 0.083333 1013 -0.06136 0.026807 friction angles 
15 10 0.083333 1013 -0.09562 0.026886 
16 10 0.083333 1013 -0.09562 0.026886 
17 10 0.083333 1013 -0.09562 0.026886 
18 10 0.083333 1017.9 -0.12769 0.027006 
19 10 0.083333 1019.4 -0.16128 0.027097 
20 10 0.083333 1013.9 -0.16374 0.027051 
21 9.5 0.079167 1025 -0.1988 0.026583 
Ad Aw At Pav(kglm3) 
Strip No 
6 8 4 12 808.3333 wetting front 
7 6 8 14 921.4286 Hl(m) 
8 7 10 17 929.4118 1 0.008333 
9 8 6 14 853.5714 3 0.025 
10 9 12 21 921.4286 3 0.025 
11 9 13 22 930.6818 4.5 0.0375 
12 7.5 14.5 22 963.0682 5 0.041667 
13 6 16 22 995.4545 5.5 0.045833 
14 5.5 16.5 22 1006.25 6 0.05 : .::::.: : -:.: ... ~::.~ 
15 5 17 22 1017.045 7.5 0.0625 
16 4 18 22 1038.636 7.5 0.0625 
17 4 18 22 1038.636 8 0.066667 
18 3.5 18.5 22 1049.432 8 0.066667 
19 2.5 19.75 22.25 1071.629 8 0.066667 
20 2 20 22 1081.818 8.5 0.070833 
21 0.75 20 20.75 1107.831 9 0.075 
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ANALYSIS 3 ~~~;;:~:-;;:~:.,-~~~~ .~:=~; 
FILE: STRESS3 ;~}~~~~~;~.~:;J~~ 
RUN 2 PHOTO 15 TAPE 9 
STRIP HEIGHT error 
strip no h H(m) P(kglm3) T(kPa) erT in Tav 
1 0 0 745 0 0 0.020183 
2 0.5 0.003571 745 0.014393 0.004513 ***** 
3 2.5 0.017857 745 0.071967 0.006445 Tav(kPa) 
4 4.5 0.032143 745 0.129541 0.008378 0.003706 
5 6 0.042857 745 0.172721 0.009827 ***** 
6 7 0.05 745 0.201508 0.010793 
7 8 0.057143 843.0645 0.147152 0.020696 Tav(kPa)(30) 
8 9 0.064286 978.8462 0.056764 0.02313 = -0.0469 
9 10 0.071429 1015.12 -0.00485 0.024709 Tav(kPa)(35) 
10 10.5 0.075 1028.71 0.020272 0.025337 = -0.0232 
11 11 0.078571 1036.064 -0.01346 0.026048 Tav(kPa)(45) 
12 11 0.078571 1054.871 -0.04801 0.026302 = 0.034 
13 11.5 0.082143 1068.404 -0.0358 0.026971 
14 11.5 0.082143 1069.583 -0.04945 0.027014 
15 11.5 0.082143 1077.5 -0.0743 0.027145 
16 11.5 0.082143 1086.224 -0.08461 0.027251 
17 11.5 0.082143 1093.333 -0.08145 0.027311 
18 11.2 0.08 1108.621 -0.09885 0.027147 
19 11.2 0.08 1116.915 -0.11228 0.027255 
20 11.2 0.08 1125 -0.13714 0.027388 
STRIP NO Ad Aw At Pav(kglm3) 
Hl(m) 
7 11.5 4 15.5 843.0645 2 0.014286 
8 7.5 12 19.5 978.8462 5 0.035714 
9 6 14.75 20.75 1015.12 7 0.05 
10 5.6 16.5 22.1 1028.71 7 0.05 
11 5.5 18 23.5 1036.064 8 0.057143 
12 4.3 19 23.3 1054.871 8.75 0.0625 
13 3.5 20 23.5 1068.404 9 0.064286 
14 3.5 20.5 24 1069.583 9.25 0.066071 
15 3 21 24 1077.5 9.75 0.069643 
16 2.5 22 24.5 1086.224 10 0.071429 
17 2 22 24 1093.333 10 0.071429 
18 1 22.2 23.2 1108.621 10.2 0.072857 
19 0.5 23 23.5 1116.915 10.5 0.075 
20 0 24 24 1125 11 0.078571 
-, .. ', '" 
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ANALYSIS 4 ;~:-'i~~~·~~:;~:;;::~:;~-:~ 
FILE: STRESS4: ~:~::7::-=::;:::;:~~:;:-~=i :-:::::=:=::;~0~~~ 
RUN 2 PHOTO 34 TAPE 9 
STRIP HEIGHT STRESS 
strip no h H(m) P(kglm3) T(kPa) erT erTav 
1 0.5 4.166667 745 0.016792 0.000568 0.027746 
2 1 0.011111 745 0.044779 0.005533 **** 
3 5 0.055556 745 0.223897 0.011544 
4 7.2 0.08 745 0.322412 0.014851 Tav(kPa) r!i68! 5 9 0.1 909.6667 0.227366 0.027595 0.002431 ~~;~~~-;~~-lj 6 9 0.1 1017.958 0.109462 0.02898 *** 
7 8.5 0.094444 1037.308 0.000513 0.028548 
8 9 0.1 1037.308 -0.01243 0.02946 
9 10 0.111111 1035.377 0.004633 0.031164 
10 10 0.111111 1052.289 -0.07344 0.031527 
11 10 0.111111 1059.483 -0.06912 0.031594 
12 10 0.111111 1071.977 -0.07926 0.031753 
13 10 0.111111 1079.762 -0.10105 0.031888 
14 10 0.111111 1079.762 -0.10105 0.031888 
15 10 0.111111 1079.762 -0.05693 0.031786 
16 10 0.111111 1090.455 -0.0505 0.031887 
17 10 0.111111 1090.455 -0.0505 0.031887 
18 10 0.111111 1090.455 -0.0505 0.031887 
19 10 0.111111 1090.455 -0.0505 0.031887 
20 10 0.111111 1090.455 -0.0505 0.031887 
21 10 0.111111 1111.265 -0.038 0.032084 
22 10 0.111111 1115.732 -0.03531 0.032126 
23 10 0.111111 1115.732 -0.03531 0.032126 
24 10 0.111111 1115.732 -0.03707 0.032126 
25 10 0.111111 1125 -0.11926 0.032416 
26 10 0.111111 1125 -0.11926 0.032416 
Strip No Ad Aw At Pav(kglm3) Hl(m) 
5 8.5 6.5 15 909.6667 3 0.033333 
6 5 12.75 17.75 1017.958 5 0.055556 
7 4.2 14 18.2 1037.308 6 0.066667 
8 4.5 15 19.5 1037.308 6.5 0.072222 
9 5 16.2 21.2 1035.377 7 0.077778 
10 4.2 17.75 21.95 1052.289 8 0.088889 
11 3.75 18 21.75 1059.483 8 0.088889 
12 3 18.5 21.5 1071.977 8.2 0.091111 
13 2.5 18.5 21 1079.762 8.5 0.094444 r ~: :::::':::::~ . 
14 2.5 18.5 21 1079.762 8.5 0.094444 
15 2.5 18.5 21 1079.762 8 0.088889 
16 2 20 22 1090.455 8 0.088889 
17 2 20 22 1090.455 8 0.088889 
>-'-" 
18 2 20 22 1090.455 8 0.088889 
19 2 20 22 1090.455 8 0.088889 
20 2 20 22 1090.455 8 0.088889 
21 0.75 20 20.75 1111.265 8 0.088889 
22 0.5 20 20.5 1115.732 8 0.088889 
23 0.5 20 20.5 1115.732 8 0.088889 
24 0.5 20 20.5 1115.732 8 0.088889 
25 0 21 21 1125 9 0.1 
26 0 21 21 1125 9 0.1 
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ANALYSIS 5 :-_>:~.: ~~:; ~':"x·<.:~ ~..:-_ ~ 
FILE: STRESS5 ~~:~~~~~;~~:~~~~:~~ 
40 DEG 
strip no h H(m) P(kglm3) T(kPa) erT erTav 
1 1 0.007143 745 0.028787 0.004996 0.014122 
2 3 0.021429 745 0.08636 0.006928 **** 
3 5 0.035714 745 0.143934 0.008861 Tav(kPa) 
4 7 0.05 745 0.201508 0.010793 -0.00279 
5 6.8 0.048571 847.3077 0.109177 0.011334 *** 
6 7.5 0.053571 921.4286 0.068484 0.012574 
7 8 0.057143 935 0.062118 0.013181 
8 8.5 0.060714 935 0.023455 0.013689 
9 9 0.064286 977.2222 0.027839 0.014524 
10 9 0.064286 1008.889 0.010487 0.014769 
11 9.5 0.067857 1040.556 -0.01512 0.015536 
12 9.5 0.067857 1027.564 -0.01989 0.015433 
13 10 0.071429 1041.875 -0.02287 0.016067 
14 10 0.071429 1049 -0.04848 0.016125 
15 10 0.071429 1049 -0.04848 0.016125 
16 10 0.071429 1056.795 -0.04547 0.016187 
17 10 0.071429 1066.538 -0.07007 0.016265 
18 10 0.071429 1077.5 -0.08002 0.016353 
19 10 0.071429 1087 -0.09053 0.016429 
20 10 0.071429 1087 -0.09053 0.016429 
21 10 0.071429 1087 -0.09053 0.016429 
1. 
22 10 0.071429 1095.769 -0.10132 0.016499 
23 10.2 0.072857 1106 -0.103 0.016793 
24 10 0.071429 1110.57 -0.10979 0.016617 
Ad Aw At Pav(kglm3) Hl(m) 
5 9.5 3.5 13 847.3077 2 0.014286 
6 7.5 6.5 14 921.4286 3.5 0.025 
7 8 8 16 935 4 0.028571 
8 8 8 16 935 5 0.035714 
9 7 11 18 977.2222 5.5 0.039286 
.. ;- .... 
10 5.5 12.5 18 1008.889 6 0.042857 
11 4 14 18 1040.556 7 0.05 
12 5 14.5 19.5 1027.564 7 0.05 
13 4.2 15 19.2 1041.875 7.5 0.053571 
14 4 16 20 1049 8 0.057143 
15 4 16 20 1049 8 0.057143 
16 3.5 16 19.5 1056.795 8 0.057143 
17 3 16.5 19.5 1066.538 8.5 0.060714 
18 2.5 17.5 20 1077.5 8.75 0.0625 ' ... ... ,'~ , 
19 2 18 20 1087 9 0.064286 
20 2 18 20 1087 9 0.064286 
21 2 18 20 1087 9 0.064286 
22 1.5 18 19.5 1095.769 9.25 0.066071 
23 19 20 1106 9.5 0.067857 
24 0.75 19 19.75 1110.57 9.5 0.067857 
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ANALYSIS 6. ,.-... , ...... ---- .. ,~~..:.;.- •• -,'~:, ·X.-:,·-....:.;:j 
FILE: STRESS6 Runl8:Tape 11 !:;::.:~-:: ::= ~:~:~:---:~:;:':1 :".;.,.:.~:,~~:~.:.:..; 
strips =17 40 DEG and 20 deg slope 
strip no h H(m) P(kg/m3) T(kPa) erT erTav 
1 1 0.006897 745 0.022457 0.00401 0.010996 
2 3 0.02069 745 0.067371 0.005517 **** 
3 4 0.027586 745 0.089827 0.006271 Tav(kPa) 
4 4.5 0.031034 745 0.101056 0.006648 0.000948 
5 7 0.048276 745 0.157198 0.008532 *** 
6 7.3 0.050345 745 0.163935 0.008758 
7 8 0.055172 780.625 0.134966 0.009895 
8 8.2 0.056552 867.5806 0.054606 0.01056 
9 8.9 0.061379 937.6761 0.011797 0.01152 
10 9 0.062069 1005.571 -0.04688 0.012014 
11 10 0.068966 1007.381 -0.0693 0.012823 
12 12 0.082759 995.8 -0.06604 0.014344 
13 13 0.089655 1008.077 -0.08449 0.015229 
14 13 0.089655 1024.372 -0.10474 0.015343 
15 13 0.089655 1037.308 -0.12631 0.015433 
~. - . 
16 12.5 0.086207 1061.667 -0.13277 0.015195 
17 12 0.082759 1069.583 -0.15656 0.014844 
Strip No Ad Aw At Pav(kg/m3) HI(m) 
7 14.5 1.5 16 780.625 1 0.006897 
8 10.5 5 15.5 867.5806 3 0.02069 
9 8.75 9 17.75 937.6761 4.5 0.031034 
10 5.5 12 17.5 1005.571 6 0.041379 
11 6.5 14.5 21 1007.381 7 0.048276 
12 8.5 16.5 25 995.8 8 0.055172 
13 8 18 26 1008.077 9 0.062069 
14 6.75 18.74 25.49 1024.372 9.5 0.065517 
15 6 20 26 1037.308 10 0.068966 
16 4 20 24 1061.667 10 0.068966 
17 3.5 20.5 24 1069.583 10.2 0.070345 
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ANALYSIS 7. [:~~f~t~d 
FILE: STRESS7 
RUN 4 PHOTO 21, aa TAPE 9· 
deg =15 
STRESS 
strip no h P(kg/m3) T(kPa) erT erTav 
1 0 0 745 0 0 0.013037 
2 3 0.027273 745 0.109913 0.007719 *** 
3 5 0.045455 745 0.183189 0.010178 
4 5.5 0.045833 897 0.023857 0.011732 Tav(kPa) 
5 6 0.05 977.6531 -0.00029 0.012877 0.008427 
6 7 0.058333 998.3333 0.017216 0.014206 *** 
7 8 0.066667 1018.125 -0.02991 0.015552 
8 8.5 0.070833 1027.286 -0.03655 0.016224 
9 9 0.075 1030 -0.01229 0.016845 
10 9 0.075 1040.556 -0.0411 0.016932 
11 9 0.075 1057.941 -0.04728 0.017072 
12 9 0.075 1061.667 -0.06562 0.017103 
Strip No Ad Aw At Pav(kg/m3) 
H1(m) 
4 6 4 10 897 3 0.025 
5 4.75 7.5 12.25 977.6531 4 0.033333 
6 4.75 9.5 14.25 998.3333 4.5 0.0375 
7 4.5 11.5 16 1018.125 6 0.05 
8 4.5 13 17.5 1027.286 6.5 0.054167 
9 4.5 13.5 18 1030 6.5 0.054167 
10 4 14 18 1040.556 7 0.058333 
11 3 14 17 1057.941 7.2 0.06 
12 3 15 18 1061.667 7.5 0.0625 
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ANALYSIS 8 rft~:~~~~~~~~~~~;: 
FILE: STRESS8 
RUN 6 PHOTO 28 TAPE 9 
STRIP HEIGHT STRESS AVERAGE STRESS 
strip no h H(m) P(kglm3) T(kPa) erT erTav 
1 0.009091 745 0.036638 0.00526 0.012954 
2 2.5 0.022727 745 0.091594 0.007104 *** 
3 4 0.036364 745 0.146551 0.008949 Tav(kPa) ~~~:~~ji#~1 4 5 0.045455 871.6667 0.069938 0.01182 0.004729 
5 5.5 0.05 998.3333 0.017335 0.013136 *** ~:'i;cc;~#;~~::j 
6 7 0.063636 995.9434 0.017958 0.015026 
7 6.5 0.059091 1011 -0.07392 0.014452 
8 8 0.072727 1037.308 -0.02509 0.016605 
9 8 0.072727 1049 -0.05659 0.016699 
10 8 0.072727 1077.5 -0.08147 0.016899 
11 8 0.072727 1077.5 -0.08147 0.016544 
Ad Aw At Pav(kglm3) 
Hl(m) 
4 6 3 9 871.6667 2 0.018182 
5 3.5 7 10.5 998.3333 3.5 0.031818 
6 3.6 7 10.6 995.9434 4.5 0.040909 
7 4.5 10.5 15 1011 5.5 0.05 
8 3.6 12 15.6 1037.308 6 0.054545 
9 3 12 15 1049 6.5 0.059091 
10 2 14 16 1077.5 7 0.063636 
11 2 14 16 1077.5 7 0.063636 
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ANALYSIS 9. ~~~;::;:::;:~~:;:::;::·~l 
FILE: STRESS9 
RUN 8 PHOTO 35 TAPE 9 
STRIP HEIGHT STRESS 
strip no h H(m) P(kg/m3) T(kPa) erT erTave 
1 0.009091 745 0.036638 0.00526 0.024346 
2 3 0.027273 745 0.109913 0.007719 *** 
3 4 0.036364 745 0.146551 0.008949 Tav(kPa) 
4 5 0.045455 745 0.183189 0.010178 0.005611 
5 6 0.054545 745 0.219826 0.011408 *** 
6 7 0.063636 849.8276 0.148154 0.021721 
7 8.5 0.077273 948.5714 0.071624 0.024843 
8 9.5 0.086364 987.5532 0.028187 0.026722 
9 10.5 0.095455 987.3188 0.040533 0.028113 
10 11 0.1 986.8182 0.02844 0.028846 
11 11.3 0.102727 999.4493 0.01392 0.029438 
12 11 0.1 1021.364 -0.02507 0.029325 
13 11 0.1 1038.636 -0.05183 0.029564 
14 11 0.1 1052.289 -0.07332 0.029754 
15 11 0.1 1055.909 -0.07858 0.029803 
16 11 0.1 1055.909 -0.07858 0.029803 
17 11 0.1 1055.909 -0.07858 0.029803 
18 11 0.1 1064.545 -0.07391 0.029881 
19 11 0.1 1082.303 -0.0643 0.030042 
20 11 0.1 1090.455 -0.05989 0.030116 
21 11 0.1 1111.265 -0.04864 0.030304 
22 11 0.091667 1115.732 -0.13262 0.029188 
23 11 0.091667 1115.732 -0.13262 0.029188 
Ad Aw At Pav(kg/m3) Hl(m) 
,6 10.5 4 14.5 849.8276 2 0.018182 
7 7.8 9 16.8 948.5714 4.5 0.040909 
8 6.8 12 18.8 987.5532 6 0.054545 ", 
9 7.5 13.2 20.7 987.3188 6.5 0.059091 
10 8 14 22 986.8182 7 0.063636 
11 7.5 15.2 22.7 999.4493 7.5 0.068182 
12 6 16 22 1021.364 8 0.072727 
13 5 17 22 1038.636 8.5 0.077273 
14 4.2 17.75 21.95 1052.289 8.9 0.080909 
15 4 18 22 1055.909 9 0.081818 
16 4 18 22 1055.909 9 0.081818 
17 4 18 22 1055.909 9 0.081818 ;:;; ;.:.»:,;.: ;~;.:.'. 
18 3.5 18.5 22 1064.545 9 0.081818 
;"'- ~ :.: ; .. ' '. -' 
19 2.5 19.75 22.25 1082.303 9 0.081818 
20 2 20 22 1090.455 9 0.081818 
21 0.75 20 20.75 1111.265 9 0.081818 .. 
22 0.5 20 20.5 1115.732 9.5 0.086364 
23 0.5 20 20.5 1115.732 9.5 0.086364 
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ANALYSIS 10. >.".-•••• --.-,-.-,-
FILE: STRESSI0 ~~i~J;~~~Ii] 
RUN 20 PHOTO 27 TAPE 11 
strips = 28 used 
STRIP HEIGHT STRESS 
strip no h H(m) P(kg/m3) T(kPa) erT erTav 
1 1.5 0.01 745 0.047654 0.006964 0.028255 
2 4 0.026667 745 0.127076 0.010629 *** 
3 5 0.033333 745 0.158845 0.012095 Tav(kPa) 
4 6 0.04 964.5556 0.084826 0.024796 -0.00156 
5 6.5 0.043333 985.4082 0.057184 0.02608 *** 
6 6.5 0.043333 1009.068 0.063742 0.026358 
7 7 0.046667 1008.077 0.030973 0.027404 
8 7 0.046667 1038.636 0.040095 0.027775 
9 7 0.046667 1049 -0.0108 0.028117 
10 8 0.053333 1049 0.033933 0.029833 
11 8 0.053333 1049 0.033933 0.029833 
12 8 0.053333 1065.625 0.012611 0.030157 
13 8 0.053333 1077.5 -0.01033 0.030419 
14 8 0.053333 1077.5 -0.01033 0.030419 
15 8 0.053333 1077.5 -0.01033 0.030419 
16 8 0.053333 1077.5 -0.01033 0.030419 
17 8 0.053333 1077.5 -0.01033 0.030419 
18 8 0.053333 1077.5 -0.01033 0.030419 
19 8 0.053333 1077.5 -0.01033 0.030419 
20 8 0.053333 1077.5 -0.01033 0.030419 
21 8 0.053333 1085 -0.00777 0.030517 
22 8 0.053333 1099.667 -0.00277 0.030707 
23 8 0.053333 1099.667 -0.00277 0.030707 
24 8 0.066667 1125 -0.11184 0.035106 
25 8 0.066667 1125 -0.11184 0.035106 
26 8 0.066667 1125 -0.11184 0.035106 
27 8 0.066667 1125 -0.1461 0.035241 
28 8 0.066667 1125 -0.1461 0.035241 
Ad Aw At P(av)kg/m3 Hl(m) m3) 
4 4.75 6.5 11.25 964.5556 3 0.02 
5 4.5 7.75 12.25 985.4082 4 0.026667 
6 3.6 8.2 11.8 1009.068 4 0.026667 
7 4 9 13 1008.077 5 0.033333 
8 3 10.2 13.2 1038.636 5 0.033333 
9 2.75 11 13.75 1049 6 0.04 
10 3 12 15 1049 6 0.04 
11 3 12 15 1049 6 0.04 ~ ~.: 
12 2.5 13.5 16 1065.625 6.5 0.043333 : 
.' . 
13 2 14 16 1077.5 7 0.046667 
14 2 14 16 1077.5 7 0.046667 
15 2 14 16 1077.5 7 0.046667 
16 2 14 16 1077.5 7 0.046667 
17 2 14 16 1077.5 7 0.046667 
18 2 14 16 1077.5 7 0.046667 
19 2 14 16 1077.5 7 0.046667 
20 2 14 16 1077.5 7 0.046667 
21 2 17 19 1085 7 0.046667 
22 14 15 1099.667 7 0.046667 
23 1 14 15 1099.667 7 0.046667 
24 0 12 12 1125 7.5 0.0625 
25 0 12 12 1125 7.5 0.0625 
150 
26 0 12 12 1125 7.5 0.0625 i I~;;~~=:;;-:::·~~~<·h~ 
27 0 12 12 1125 8 0.066667 ~~~~~~X'~~ 
28 0 12 12 1125 8 0.066667 
ANALYSIS 11. 
FILE: STRESS 11 
RUN 5 PHOTO 5 TAPE 10 
STRIPS = 29 
STRIP HEIGHT STRESS 
strip no h (*2mm) H(m) P(kglm3) T(kPa) erT erTav 
1 1.1 0.006471 745 0.026077 0.004905 0.019866 
2 3.6 0.021176 745 0.085344 0.006894 *** 
3 5.1 0.03 745 0.120905 0.008088 Tav(kPa) 
4 5.8 0.034118 794.5652 0.118617 0.016981 -0.00341 
5 6.6 0.038824 773.9 0.087788 0.017592 *** 
6 6.7 0.039412 814 0.052083 0.018054 
7 7.6 0.044706 881.8 0.068434 0.019314 
8 7.1 0.041765 884 0.031543 0.01897 
9 7.6 0.044706 903 -0.01987 0.019678 
10 7.6 0.044706 935 -0.03549 0.019957 
11 8.1 0.047647 935 -0.02062 0.020375 
12 8.3 0.048824 929 0.007109 0.020445 
13 8.6 0.050588 966.6 0.002909 0.021022 
14 8.6 0.050588 1013 -0.03111 0.021466 
15 8.6 0.050588 1013 -0.03111 0.021466 
16 8.6 0.050588 1013 -0.03111 0.021466 
17 9.1 0.053529 1013 -0.01966 0.021903 
18 9.1 0.053529 1017.9 -0.02292 0.02195 
19 9.6 0.056471 1019.4 -0.02028 0.02242 
20 9.6 0.056471 1013.9 -0.04532 0.022433 
21 9.6 0.056471 1025 -0.04193 0.022516 
22 9.6 0.056471 1025 -0.04193 0.022516 
23 9.6 0.056471 1025 -0.04193 0.022516 
24 10.6 0.062353 1047 -0.02525 0.023594 
25 10.6 0.062353 1063.3 -0.06054 0.023772 
26 10.6 0.062353 1075 -0.05663 0.023862 
27 10.6 0.062353 1075 -0.05663 0.023862 
28 10.6 0.062353 1098.6 -0.04874 0.024043 
29 10.6 0.062353 1098.6 -0.04874 0.024043 
Ad Aw At Pav(kglm3) 
Hl(m) 
4 8 1.2 9.2 794.5652 0.6 0.003529 
5 8.5 3 11.5 773.913 1.6 0.009412 
6 8.5 4.5 13 814.4231 2.6 0.015294 
7 6.5 6.2 12.7 881.8898 3.1 0.018235 
8 7.2 7 14.2 884.1549 3.6 0.021176 
9 7 8 15 903.3333 5.1 0.03 
10 6 9 15 935 5.6 0.032941 
11 6 9 15 935 5.6 0.032941 
12 7 10 17 929.4118 5.1 0.03 
13 5.5 11 16.5 966.6667 5.6 0.032941 
14 4 13 17 1013.235 6.6 0.038824 
15 4 13 17 1013.235 6.6 0.038824 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
ANALYSIS 12. 
FILE: STRESS12 
4 
4 
4 
4 
4.5 
4 
4 
4 
3 
2.5 
2 
2 
1 
1 
13 
13 
13.75 
14 
14.75 
15 
15 
15 
15.5 
16.75 
17 
17 
17 
17 
17 
17 
17.75 
18 
19.25 
19 
19 
19 
18.5 
19.25 
19 
19 
18 
18 
1013.235 
1013.235 
1017.958 
1019.444 
1013.961 
1025 
1025 
1025 
1047.973 
1063.312 
1075 
1075 
1098.611 
1098.611 
RUN 17 PHOTO TAPE 10,BB 
deg 20 
strip no h 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
Strip No Ad 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
1.5 
3 
4 
5.5 
6.5 
7 
8 
9 
10 
12 
13 
14 
14 
14 
14 
14 
14 
13.5 
13 
13 
12.5 
12 
12 
17.5 
14 
12.5 
12.5 
11.5 
10 
10 
8.5 
8 
6 
STRIP HEIGHT 
H(m) P(kg/m3) 
0.01 745 
0.02 745 
0.026667 745 
0.036667 745 
0.043333 745 
0.046667 745 
0.053333 745 
0.06 745 
0.066667 800.6098 
0.08 893.6957 
0.086667 935 
0.093333 
0.093333 
0.093333 
0.093333 
0.093333 
0.093333 
0.09 
0.086667 
0.086667 
0.083333 
Aw 
0.08 
0.08 
949.0741 
968.9286 
989.2857 
991.6667 
1009.643 
1016.429 
1038.962 
1060.472 
1059.231 
1086.224 
1093.333 
1093.333 
At 
T(kPa) 
0.032584 
0.065169 
0.086892 
0.119476 
0.141199 
0.15206 
0.173783 
0.195506 
0.130462 
0.106715 
0.045418 
0.001168 
-0.01648 
-0.03392 
-0.05871 
-0.07712 
-0.10011 
-0.13181 
-0.16456 
-0.16503 
-0.17064 
-0.18399 
-0.18399 
Pav(kg/m3) 
3 
9 
12.5 
14.5 
16.5 
20.5 800.6098 
18 
18.5 
19.5 
20 
20.5 
23 893.6957 
25 935 
27 949.0741 
28 968.9286 
28 989.2857 
28.5 991.6667 
28 1009.643 
28 1016.429 
26.5 1038.962 
6.6 0.038824 
6.7 0.039412 
6.8 0.04 
7.1 0.041765 
7.6 0.044706 
7.6 0.044706 
7.6 0.044706 
7.6 0.044706 
8.1 0.047647 
8.6 0.050588 
8.6 0.050588 
8.6 0.050588 
8.6 0.050588 
8.6 0.050588 
STRESS 
erT erTav 
0.004185 0.016462 
.0.005112 *** 
0.00573 Tav(kPa) 
0.006657 -0.00156 
0.007275 *** 
0.007584 
0.008202 
0.00882 
0.017754 
0.019774 
0.020924 
0.021861 
0.022041 
0.022223 
0.022315 
0.022485 
0.022599 
0.022476 
0.022347 
0.022341 
0.022159 
0.021877 
0.021877 
Hl(m) 
2 0.013333 
4 0.026667 
6 0.04 
7.5 0.05 
8 0.053333 
8.5 0.056667 
9 0.06 
9.5 0.063333 
10 0.066667 
10.5 0.07 
151 
~~2Sf::j~~1 
,l~~~f~;~~~ij~~~ 
" .... ".-.. , .. 
152 
19 4.5 22 26.5 1060.472 11 0.073333 i":,,,;,-,:'":''-''-:''''' 
20 4.5 21.5 26 1059.231 11 0.073333 ~~~~~~;~)i~~~~~ 
21 2.5 22 24.5 1086.224 11 0.073333 
22 2 22 24 1093.333 11 0.073333 
23 2 22 24 1093.333 11 0.073333 
ANALYSIS 13. 
FILE: STRESS 13 
RUN 2 PHOTO 18 TAPE 10 
deg=15 
STRIP HEIGHT STRESS 
strip no h (2*mm) H(m) P(kg/m3) T(kPa) erT erTav 
1 0.00625 745 0.025188 0.004875 0.02005 
2 2.5 0.015625 745 0.062971 0.006144 *** 
3 4 0.025 745 0.100754 0.007412 Tav(kPa) 
4 6 0.0375 745 0.151131 0.009102 0.003608 
5 7 0.04375 745 0.176319 0.009948 *** 
6 8 0.05 745 0.201508 0.010793 
7 9 0.05625 812.0588 0.147829 0.020308 
8 10 0.0625 937.4051 0.068755 0.022474 
9 11 0.06875 1002.701 0.02546 0.024108 
10 11.5 0.071875 1033.333 -0.02013 0.024976 
11 12 0.075 1043.347 -0.04824 0.025627 
12 13 0.08125 1050.49 -0.08428 0.026771 
13 13 0.08125 1072.843 -0.07445 0.026958 
14 13.5 0.084375 1081.981 -0.10178 0.02761 
15 13.75 0.085938 1089.815 -0.09892 0.02793 
16 14 0.0875 1114.912 -0.14236 0.028525 
17 14 0.0875 1125 -0.1624 0.028669 
18 14 0.0875 1125 -0.1624 0.028669 
, ... -....... 
Strip No. Ad Aw At Pav(kg/m3) Hl(m) 
7 14 3 17 812.0588 2 0.0125 
8 9.75 10 19.75 937.4051 5 0.03125 
9 7 14.75 21.75 1002.701 7 0.04375 
10 5.5 17.3 22.8 1033.333 8.5 0.053125 
11 5.2 19 24.2 1043.347 9.5 0.059375 
12 5 20.5 25.5 1050.49 11 0.06875 
13 3.5 22 25.5 1072.843 11 0.06875 
14 3 23.5 26.5 1081.981 12 0.075 :;.:-;-: ;-:<:, «.' 
15 2.5 24.5 27 1089.815 12.2 0.07625 
16 0.75 27.5 28.25 1114.912 13.5 0.084375 
17 0 28 28 1125 14 0.0875 . .;.," 
18 0 28 28 1125 14 0.0875 
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ANALYSIS 14 ~<~:~~-~~:~~~~.:;~~~~~.~:j 
FILE: STRESS14 '">~:"'""'-::;":::::::j f:~:q=~?!::;:;,":..o:~~ 
RUN 6 TAPE 11 
nonequilibrium surge 
STRIP HEIGHT STRESS 
strip no h H(m) P(kg/m3) T(kPa) erT erTav 
1 3 0.01875 745 0.075428 0.006554 0.018082 
2 5 0.03125 745 0.125714 0.008242 *** 
3 6 0.0375 745 0.150857 0.009086 Tav(kPa) 
4 7 0.04375 745 0.176 0.00993 0.032922 
5 7.5 0.046875 745 0.188571 0.010351 *** 
6 8 0.05 745 0.201143 0.010773 
7 8.5 0.053125 929.0625 0.069182 0.020891 
8 8.5 0.053125 960.5224 0.028874 0.021235 
9 8.5 0.053125 990.8824 0.012916 0.021514 
10 9 0.05625 1001.901 0.008317 0.022102 
11 9 0.05625 1027.286 -0.00864 0.022348 
12 9 0.05625 1040.556 -0.02928 0.022503 
13 9 0.05625 1046.053 -0.02761 0.022544 
14 9 0.05625 1072.222 -0.04432 0.022796 
15 9 0.05625 1082.778 -0.06578 0.022931 
16 9.5 0.059375 1094.189 -0.06852 0.023534 
17 9.5 0.059375 1114.73 -0.0866 0.023746 
18 10 0.0625 1125 -0.11366 0.024402 
Strip No Ad Aw At Pav(kg/m3) Hl(m) 
7 8.25 7.75 16 929.0625 4 0.025 
8 7.25 9.5 16.75 960.5224 5 0.03125 
9 6 11 17 990.8824 5.5 0.034375 
10 5.75 12 17.75 1001.901 6 0.0375 
11 4.5 13 17.5 1027.286 6.5 0.040625 
12 4 14 18 1040.556 7 0.04375 
13 3.75 14.3 18.05 1046.053 7 0.04375 
14 2.5 15.5 18 1072.222 7.5 0.046875 
15 2 16 18 1082.778 8 0.05 
16 1.5 17 18.5 1094.189 8.5 0.053125 
17 0.5 18 18.5 1114.73 9 0.05625 
18 0 19.5 19.5 1125 10 0.0625 
[' ." 
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ANALYSIS 15. li~j:j~~{t~:~~~~l FILE: STRESS15 
RUN 7 TAPE 11 
nonequilibrium surge 
STRIP HEIGHT STRESS 
strip no h H(m) P(kg/m3) T(kPa) erT erTave 
1 1.5 0.01 745 0.040229 0.005373 0.017938 
2 3 0.02 745 0.080457 0.006723 ***** 
3 4.5 0.03 745 0.120686 0.008073 Tav(kPa) 
4 6 0.04 745 0.160914 0.009423 0.045829 i; ::'; ,; :;:;:;c;,:,;::;;;J 
5 7 0.046667 745 0.187733 0.010323 ****** t/:;}::::::~;~~;; 
6 7.5 0.05 745 0.201143 0.010773 
k:;;:":;,;:;;i,,;;~,;:j 
I"::::<c-c::"::';>;' 
7 8 0.053333 821 0.131195 0.019916 
8 8 0.053333 911.25 0.078253 0.02076 
9 8.5 0.056667 928.8348 0.073725 0.021421 
10 9 0.06 950.2874 0.071082 0.022117 
11 9 0.06 956.1111 0.046658 0.022221 
12 9 0.06 977.2222 0.027187 0.022442 
13 9 0.06 998.3333 0.007716 0.022662 
14 9 0.06 1019.444 -0.01176 0.022882 
15 9 0.06 1056.299 -0.02613 0.023222 
16 8.75 0.058333 1080.294 -0.05439 0.023219 
17 8.5 0.056667 1092.429 -0.08671 0.023125 
18 8.5 0.056667 1113.485 -0.08026 0.023282 
19 8 0.053333 1125 -0.09699 0.022872 
Strip No Ad Aw At Pav(kg/m3) Hl(m) 
7 12 3 15 821 2 0.013333 
8 9 7 16 911.25 3.5 0.023333 
9 8.75 8.2 16.95 928.8348 4 0.026667 
10 8 9.4 17.4 950.2874 4.5 0.03 
11 8 10 18 956.1111 5 0.033333 
12 7 11 18 977.2222 5.5 0.036667 
13 6 12 18 998.3333 6 0.04 
14 5 13 18 1019.444 6.5 0.043333 
15 3.2 14.5 17.7 1056.299 7 0.046667 
16 2 15 17 1080.294 7.5 0.05 
17 1.5 16 17.5 1092.429 8 0.053333 
18 0.5 16 16.5 1113.485 8 0.053333 
19 0 16 16 1125 8 0.053333 
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I'~;;:;:;,:,:>J:~::. 
ANALYSIS Field Hypothetical Bullock Creek surge. [~;~;::';:::,.:·~:·:-~::-:':':~8 b.::::::;0';:::~:..:-t1 
FILE: field 
run 23 
STRIPS = 24 
STRIP HEIGHT STRESS 
strip no h (*2nun) H(m) P(kglm3) T(kPa) erT erTav 
1 0 0 1200 0 0.156381 
2 1 0.147059 1200 1.262298 0.113273 *** 
3 1.5 0.220588 1200 1.893446 0.126992 Tav(kPa) ~~,,;~:[;;:,:;;~;i] r:0~,:·;~;:;'::~.,.:;:~-~ 
4 2 0.294118 1200 2.524595 0.14071 1.408948 ~.:-- ~~- ::-~: -::::: ..•... ," - -,:.-. 
5 2.2 0.323529 1442.609 1.284083 0.070389 *** 
k=.~:; __ ~~~~i~.:.~~ 
I':~:':c:::·.c':'::~-:·::' 
6 3 0.441176 1521.923 2.74838 0.090983 
7 3.5 0.514706 1654.016 2.494358 0.108203 
8 4 0.588235 1658.451 2.869356 0.121366 
9 4 0.588235 1696 2.000141 0.123715 
10 4.5 0.661765 1758 2.158439 0.139369 
11 5 0.735294 1758 2.055862 0.153363 
12 5 0.735294 1747.059 0.971107 0.154355 
13 5.5 0.808824 1820 2.311988 0.169514 
14 6 0.882353 1911.176 3.84469 0.185746 
15 6 0.882353 1911.176 3.022922 0.186821 
16 6 0.882353 1911.176 2.303875 0.187761 
17 6 0.882353 1911.176 1.790271 0.188432 
18 6 0.882353 1920.423 1.848627 0.188779 
19 6 0.882353 1923.333 1.866998 0.188888 
20 6 0.882353 1912.597 0.772029 0.189829 
21 6 0.882353 1934.211 0.90844 0.190638 
22 6 0.882353 1934.211 -0.11877 0.191982 
23 6 0.882353 1934.211 -0.11877 0.191982 
24 6 0.882353 1979.189 0.165113 0.193667 
strip No. Hl(m) 
... .- .".".' 
5 8.5 3 11.5 1442.609 0.147059 
6 8.5 4.5 13 1521.923 1 0.147059 
7 6.5 6.2 12.7 1654.016 1.75 0.257353 
8 7.2 7 14.2 1658.451 2 0.294118 
9 7 8 15 1696 2.5 0.367647 
10 6 9 15 1758 3 0.441176 
11 6 9 15 1758 3.5 0.514706 
12 7 10 17 1747.059 4 0.588235 i.-::::·::;····: ... 
13 5.5 11 16.5 1820 4 0.588235 
14 4 13 17 1911.176 4 0.588235 
15 4 13 17 1911.176 4.4 0.647059 ..... . . 
16 4 13 17 1911.176 4.75 0.698529 
17 4 13 17 1911.176 5 0.735294 
18 4 13.75 17.75 1920.423 5 0.735294 
19 4 14 18 1923.333 5 0.735294 
20 4.5 14.75 19.25 1912.597 5.5 0.808824 
21 4 15 19 1934.211 5.5 0.808824 
22 4 15 19 1934.211 6 0.882353 
23 4 15 19 1934.211 6 0.882353 
."» " . .:,-: 
24 3 15.5 18.5 1979.189 6 0.882353 
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5. SURGE PROFILES USED IN THE STRIP ANALYSES. 
Note that the scale length displayed is 100mm. 
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Figure a22 : Variation of basal shear stress with distance for analysis 2. 
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Figure a23 : Variation of basal shear stress with distance for analysis 3. 
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Figure a24 : Variation of basal shear stress with distance for analysis 4. 
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Figure a25 : Variation of basal shear stress with distance for analysis 5. 
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Figure a26 : Variation of basal shear stress with distance for analysis 6. 
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Figure a27 : Variation of basal shear stress with distance for analysis 7. 
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Figure a28 : Variation of basal shear stress with distance for analysis 8. 
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Figure a29 : Variation of basal shear stress with distance for analysis 9. 
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Figure alO : Variation of basal shear stress with distance for analysis 10. 
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Figure a31 : Variation of basal shear stress with distance for analysis 11. 
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Figure a32 : Variation of basal shear stress with distance for analysis 12. 
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Figure a33 : Variation of basal shear stress with distance for analysis 13. 
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Figure a34 : Variation of basal shear stress with distance for analysis 14. 
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Figure a35 : Variation of basal shear stress with distance for analysis 15. 
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